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ABSTRACT
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™ ' A central issye 4in the dasiga of a packet swi<ched
%§ communica+ions network 3is the devalopment cf ar efficient
LY

rouzing pro%ocol, which 3eterminss the routes followed by
the dinformsation as it traversas ths nstwork. The
performance of a static routiag protocol <that allows for
rultiple pa+th routing baszl on the use of rou<ing fractions,
is analyzed using computer simulation. Comparison is made
between <the performance of +his protocdl aad <cha« of a
minimun number of hops routing protscol. Routing fracziomns
calculated by two differant methods are ussd and <heir
relative performance analyzed. A comparative analysis :is
done of the performance of +this protocol whez using virtual
circuit service and datagraa sarvic2 in <the network.
Provision is made to extend use of the simulatior pregram %o
aralyze dynamic routing cases using routiag fractioms.
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I. INTRODUCTION
N A. GENERAL
In raecan+ y2ars we havs bsza:z zxperiencing z
+2chnecloagical coavergencs 5% COmpi1t2Ts zr.3

+clecomaunicazicns in such 2 way that i+ has b=accme

difficult <0 s2parate wha:t 3Is pr-ocessing and what is
communication. The c¢ons*an% Iiaprovement
pzocessing speed and storage <capaciiy *cgeths

o r with +thsir
;?ﬁf reduction in price ard size, havs Jsfini+tivaly influenced
'&3§ tkis changse, making it ipcreasingly attcactive =c us=2
* A programmable computers to control syammunication nerwerks and
ii;Q process thas informa+ion ¢transmitt2d +h-oough thenm. This
{:%3 allows the integration of traditional communications with
;E:} computer netwdrks and dis«ributed systems, while using the
ey same @m=2ats of +iransmission, and <thus represenis a mor2
j&a efficient use of the communicaticn chanaels. This situation
'fﬁ ) creates the nacesity for the develdpmant of nzvw transmissior
‘j;? techniques that can accoadsda+te tha ragquirea=znts of higher
data rates, as well as procedures to haadlas larg2a2r vclumes

;Ai& of irformation.
%?; A kind of network thar is becoming incr=asingly popular
%gs !{s “he Packet Switched asztwvork. Crucial to *he design of
o +his kind of network is +the developmeat of efficient rou-ing
id&: procedures, which deteraine +ths routas followed by <the
§§$ iaformazion as i+ travsrses the network. Th2 present s:udy

represents further work in *ha+ 4directior and as such
involves th2 analysis 2% a <couting proczdur2 *hat uses so
called Routing Practions.
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7

10

LA
X




’
B
.

) 2
U Y

K
S

Xy
AU

[ W
.

.
o
[
o
..

o
:’ u" v
l.' O: .

»

l‘,.
i l'l

B. COMMUNICATION NETWORKS

s >¢f

1]

Thers ars +wo basic 2yp
architecturas:

poin% a-chi*ectures

r~
-

Point <=9 Point anl Broadcas=.
the ne4work normally

samun.ca=ion

Corn=2inz

channels (ve will call thzam 1liaks), warich may b= ia

by a band of frsgquencies, cabla,

cornecting 3 pair of s+tatrions (w3 Wil

*two nocdes which are not cecanact:zd

optical -tz

communicate, <hsy must 3o so indiczzzliv vL: rnna
interm23dia<=z rcdzs, Tais charac=zristie all:cws 2
varie+y cf nsztwork %opolagics. I- Z alss 3z
featurs whzn intarconnscrting 20423 o3t 223 =t a
cach otl=T, bpy allecwing rh:z 132 33 =2 varia=r ofF

routes in casz of l1ink falluie or csoLg=sstlion s.tuzzioas,

=
-

g4

In 2 point to poin= natwork,

the communication are usedi exclusivzly by “he tw:> ncid:ze for

th2 dur-ation 2f *he communica%iorn,
"line switching". In :zhis cass3,
interconrecting links must bs frz2
caa start <o be sent. A class

this *echrique is thes public t2lzph
links between th2 o)
k214 for

ccmamunicatior.

cailer and raci
“hzir exclusivs s

If one o>r m £
called is busy, %th2 call se%up cann
busy <“one eczived a% the 1
procedure must be restac=2i.

If insteel,

communicaticns, and *h2 informa*ion

can b2

the links

intermadiate 20de ma2y bz s+tored th:

output link 1is frz¢ aud
called "store and forwazd". The
+0 wait for all tas

do2s no+ hava

"1

-he lirks scslectzi fo:

~a

=2
-

then forwariz2d, th-
a>de callacs

1

the zechaique

bo<h *h=z 1

se links b
be complzte
Lcde “o indl

at is c:zcelv
an<il =-hsa

ianks involved

tschnigqus i3

(scurcs node)

T T Ty

in *hae




communication, or *ths destina*ior a:ds, to be free bsfore
star+ing %o s3nd the information. In most cas2s this allows
for a more officient use of resourcss. Oth2- advantzgss of
point <+o0 point architsctures izclude thesi ability <o
supoors simaltaneous *ransfer 9f information batween
different s<ations in th2 network, and +the use 5f high speed
links +*0 speei-up this transfer.

In broaicast architactures, there is a sirgle
commun.caticr link shared by all nodzss, so that informa<ion
sznt by any ndde is received by all otaer nodes. Satells
and Bus architectures are some 3xaaplss of <this type o
netvorks. Since thers is caly on2 patk for all
communications, the total overall transisr rate of
informazion is limited by the baniwith and spesed (capacity)
of that singls channel, 21d its failure can cause complete
system failura. Another limitatisa 9of this architecture is
intarference between stations requssting the use of <the
channel, so that some kimd of <coatsrtion-rssolving or
p>lling scheme must be uszd, making it more complex and less
efficieat.

Broadcast architecturss are us2d mainly in local arsa
netwvorks (LAN). There +the coamunication problea is
restricted “o <short distances and usually higher capacity
links (1-10 m2gabits per sacord) ara availablzs. Examples of
+his kind of architecture ars Ethernst from Xarox
Corporation, and Hyperbus from Nacwork System Ccrporation.
In <=his thesis we will concentrate on s<tore-and-forward
n2tworks and in par+icular on so called "Packe+ Switched"
pstvorks.
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. A. GENERAL |

Perhaps the most popular kinl of stors2 and forward
natwork *oday is the packet switchad network. In these
networks the communicaticns, oI m2ssagss, ar2 subdivided
into fixed length parts called "Packats" (usually the packet

Yo o e idl

:é size is arounl 1000 bits). Packe«s are transzittad through
g ths network uasing the best routs sslect2d by <the routing
;ﬁ protocols (see Chaptsr III), wich =axists at the +time the
Q? packet is relesased into the network. Each packst “raverses
1%

the netwoerk intermixed with packets >f other messages.
The main advantage of packet switched retworks ovser line
switchad networks is the conservatioa (ra2duction) of

LA )
-’ -‘~(

W arw

switching tims. With line switchiag, a complete pa*h of

coamunication must be set up between the source and
%. destinaticn node before tha communication begins. Path setup
ég ) is establishad through a signaling procsss. Befors
: +ransmission of a message, 2 resarvatior signal is sent
3' towards the dastination. While travaling node by rode to the

destinatica node, *he signal reservaes links along the path.
- If at any intarmediate nods it caanst find a fra2e link, it
@3 vaits for a 1link to become free while holding <+he links it
i! has resarvad so far. When a link b2com3s fres it reserves it
5 ard goes to the next node to repeat ths same pIdcess. Whenr
kz +he signal reaches the dsstination node, a path has been
e reservel betwean source anl dgstination nodss. As shown by
g Kermani and Kleinrock in ([Ref. 1), as ths inpu+t traffic

ircreases, 2 network using 1line switchiang saturates very
quickly and the message delay incrsases rapidly. This rapid
saturation is the resul:t of the ovarhsad iapcsed by <he

NS
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svitches t0o set the path, which are slow relative <o the
duration of a Rmassage. Because of the reservazion
operation, and *the exclusive use >f a path, line swi=ching
is not a good choice particularly if ¢raffic 1load is higa,
since it causes a substantial dacrsase in the ne%work
carrying capacity. Therefore, f£or coamunication n24vorks
vhich bhave many nodes acd requirs the exchange of large
nuaber of messages, <the principles used in packet swizchead
netwvorks can provide a bstter communication schema.

Packet switched rstworks suppore apparent €ull
connectivity among the nodes by virtus of +he store and ;
forvard naturas of the systea. Typically, packet switched
retvorks use fewer than (3N/2) bi-directiopnal (duplex) 1links
(vhere N is the nrumber of nodes), whsresas a fully connected
network requires (N x (N~-1)/2) duplex 1links. Packet
switched networks allow traffic to be concentrated on higher
speed or 1lower cost links, as rajuired to raduce channel
costs andsor <+transmission delays. Th2y also allow sending
traffic through alternate routes and around failed or
congested links or nodes, ircreasiag chann2l utilization,
reducing transmission delay, and wmaking the network more
robust and dependable.

Packet switched networks raquir2 that each node be able
to process certain information about the packe: itself, and
about ths network structure and status, in order %o assign
the cozrect routing to the packet. Due <0 <his raquireaent
and the further anead for high spesd processing to operats
efficiently, each node in the network is implesmented with a
programaable computer that contrals its operation and
regulates its participation in the natwork.

Packet switchad networks allow for the +transmission of
both data and digitized voice <coamunications, but sone
special considerations amust be takan when doing <*his.
Delays in data communications ar?2 not as critical as in

NI T TR Py T, Ty Y ‘-::.fZM-'ﬁ-.‘.-t\C-t{.{vlﬂCﬁJ
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voice communica*ions, and allow the storags and fuczthar
reasseably of the packets %to recre2ate the origipal messags
(as long as all the packets corresponding ¢2 a message
eveatually arrive to the 3estination 10de). Neverthaless,
bit errors or packet 1losses ars intolerable for data
communications, and a pcocsdure for error
detaction/correction is required for proper opsc-ation. 1In
contrast, voice comamunications allow for some level of bie
error and aven packet loss, sincs the ~receiver (ths huma:z
brain) will in most cases interpolate and make up £or <%he
errors. Ac*ual experimants shov that when the lost packets
constitute 1lass than 1X of <the offered vwvoice <+raffic,
ccnfortable conversation can be maintainzd [BRef. 2]. On the
oher hard voice commuaica<icrns raguire nasar real-times
processing, and do not accept out 5f ordar packets, making
t necessary to impleasent some kind or priori:zy scheme that
vill give precedsnce to voice packats over da%*a packets, and
a routinag procedure tha* will ensurz th2 delivery of packets
in *heé sama order they were generatad. Speech packe*s must
me3* a strict ovarall delay constraiat of less thar 200-500
miliseccnds [Ref. 3] for comfortibls conversatioas, this
makes it Iimpractical to store the packets of a nmessag2 in
the receiving node un%il the last 2ns arrives and then to
rzorder them; it also ccnstrains th2 maximum number of links
+hey can traversa.  This constraint must be taken into
account, particularly when designiag the =rstwcrk topology
and/or assigning link capacities, in order ¢o ensur3 thar
packet--ime 1elay does not reniar voice communicatioms
useless.
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B. DATAGRAYM AND VIRTUAL-CIRCUIT SERVICES

There are twd basic kinds of "sarvice" that a packast
switched petwork can provide, in rsference t> the way it

';_ . delivers its packets: Datagram s2rvice,and Virtual Circuiz
_js service. In datagram service ths packe:s, which are
y - ra3ferred to as "datagrams", ara +*rsated as irndependent
‘:j enti*ies, that is, each packat of a message is routed and
§E deliversd indapendently of the othar packets of the sam2
;ﬁi massage. There is 1no 2nforced r2lationship between the
order in which one node en*ters datagrams into the network
o and the order in which thsse same Jatagrams arrive at their
IEE dastination ano2de. The use of this scheme Tequires =2ach
553 datagram to oontain the whole informatiot necesary <£or ics
: routing. Therefore, each packet will typically cont2in in
,f its header the destination node, the msssage to which it
':§ belongs, packet number, and any other information required
2o - by “he particular routing schem2 implemenced.
) By contrast, the virtual circuit is a seguanced secvics,
g: . that is, the order in which the packsts are 2ntered into the
e nstvork is the same ordar in which they arrive at their
135 destination ndde. This is guaranta2ad by requiring that all
N the packets of a message follow th2 same rout2 as “he first
43: packet of «hat message. In this casa each packet needs only
% o carry in its header an identificaticr of the virtual
;,' circuit to which it beloangs, and the diffarzat nodes will
D automatically route it thorough ths linrks that correspond ¢o
f;f <he virtual circuit.
};ﬁ A virtual circuit resembles the line switching techniqus
;ﬁf ia the sense that all packets cf a1 messags <traverses cthe
o sane path, but differs from it in that more thaa or2 vir+tual
Qg circuit may siaultaneously include the same link as part of
‘Sf . the route for its packets and thus share the use of that
j? link. Another important diffarence is <+ha+t if a 1link or
3
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nod2 fails, the packet may be rcutad through alsarnate
routes and comaunicatior is not lost as it would occur with
line switchinjy.

" Bach virtual circuit requires an explicit setup
procedura (geaerally done by the first packat of a message
Oor a “raquest-to-send” packet) whica establishes the c-oute,
followed by a data transfer and an explicit shutdown
procedure. Once the "circuit"® has been se:2, individual
packets do not have to carry tha2ir destination addcess,
since it was specified during setup, allowing thea to carry
more data, Packetized virtual circuits emerge as a
promising approach to purz voice packet networks (Ref. 4].

Virtual circui4s appear to the 2ad users as i{f they were
dedicated lines; however, within the network many different
virtual circuits share the same coamunication 1links. The
natwork modal that we chose for this study can bs ccnfigured
to provide either virtual circuit or datagram service. This
characteristicz allovws us to compars the bLshavior of th2
routing algoritha for each case.

Some examples of networks that provide these kind of
services are IBNM's Systeam Network A-chitecture (SNa), which
provides virtual circuit sarvice, 124 DEC's Digital Network
Architecture (DNA), wkich provides datagram service.

C. NETWORK IAYERS AND PROTOCOLS

In order to siaplify desigr complexity, most networks
are organized as a seriss of laysrs or lev=als, each one
built upon its predscesor. The putpodse of each layer is to
offar certain services <o the highar layers, shielding them
from the details of how ¢the services offered are actually
isplenmented. The rules and convantions that govern the
timing and forvard of data eaxchanga betwsen 1layers ar2
called proctocols, and +the set of layars and protocols are
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called “he network architeczture. Tha basic aims of a natwork
architacture are that the network has its functions cleerly ‘
defined and applications and communications are separated.
At the same time, the applications interface to the nstwork
must be as simple as possible.
Thers is n> unique layared structurs, but for this study
- ve will use the one adopted by th2 Internatioral Standards
Organization (ISO), which is a savan layer nstvork modal
called the "Referance Modzl of Open Syst2as Intercorrtsction”
also called 2JSI [Ref. S5]. The 3iffarent layers cf <his
model are:
(1) Physical Layer
(2) Data Link layer
(3) Ne*work Layer
(4) Transport Laysr
(5) Sassion Layer
(6) Presentation Layer
(7) Application lLayer
The Physical Layer deals with ths actual “ransaission of
the rawv bits sver the coamunication link. It is the set of
elactrical or mechanical functions rs3quired to> establish,
maintain and release physical connactions between “he rodes
and transaisison circuits (lirks). ts main purpose is to
ensure that if a bit 1 was sent, the receivar gets a 1 and
not a 0. No consideratison is takzn with <+he information
content of tha bits, nor with charactsr or frame boundaries.
The Da*a Link Llayer moves 332 stap away from the
Physical lLayer, and its purpose is to present the network
with an error free coammunication link. This layer
establishes, maintains and releases a ink connection
- betveen two nsdes. This invclves the division of da<a into
frames, and the corresponding mschanisms to transmi¢ “hea
. sequentially, detec* any error in thair transaission, and
process the acknowledgmen* sernt back by the receiver. Since
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the Physical Layer merely trarsaits a stream of bi¢s withcut
regard o their meaning or s:ructuras, i« is up to *he data
link layer <o create aad recognizs frame boundaries.

The nex+ layer, the Netwcrk Laysr, repra2sents +h2 aain
concern of this thesis, It daterminss tle main
characteristics of the units of information, or packets, and |
how they are 3xchangeéd and routed through “he network. This }
layer is also called the Comaunications Subnet layer, siace
it receives massages from the originacor, divides them irto
packets and ansures that they ars correctly received a¢t
+heir destination, ard in the propsr orier. t masks all
svitchiag and diraction considasration from *he higher 1lsavel
layers. It is in this layer that th2 kind o€ service the
patwork will provide is determinsd (virtual circui+t or
datagram), anl thus it contains ths correspornding procedures
t5> handle i+, Routing protocols are therefore <he hear: of
+the retwvork, and their effectivanass and efficierncy will
affect the ovarall perforaancs of ths network, probably more
than any other protocol. '

The nex* four layers, have ¢t> do with the way the
differen* processes in each aode communicate betwveen theam,
and with processes in other nodes (rranspozt and Session
layer); and the interfaces with the actual users of ths
system (Presentation and Applicatisa Layer).

The transport layer, 2alsoc known as *he host-host layer,
accapts da%a from the session layer, splits it into smaller
ucits if neeled, passes these to> tha n2twoctk 1layer, and
ensures that all the piecag arrive correctly a* <the o%her
end. It crsates a distinct netwd>rk «connection for each
transport conasction required by tha session layer, or may
smultiplex <several <transpor:t connactioas ontd the saae
network connection, <to reduce tha c53t. 1In all cases, the
transport layer makes these network connections transparent
to +the saession layer, This laysr is a true scurce ¢to
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dsstination or end-to-end layer, so a program 9n the scuzce
rods carries on a conversation with a similar: program on the
deas-ination nods, usiny messaje headers and control
Ressages. In contrast, at lover layers tke proiccnls are
carried out by each node and its immediate neighbors
(chained-layer).

Tha session layar represents tha true user irterface to
the network. It establishes <“he logical cornrnection
(session) between users ¢ presenta<ion-layer processes in
different nodes, and maintains ard rsleasas it at the users
request. To do this it converts nasas %o addresses, checks
for accass pernission, type of coammurication (half duplex or
full duplex), etc. It also provilas <cona2ction services
such as recovery, diagnosis ard statistics (mainly for
performance measurements and biilin;n. In some networks the
session and transpor+ laysrs are merged iato a single layer.

Tha pressntation 1layar perforas functiosns that are
requested sufficiently often by tha users. It is “hen bettar
0 have +<the systaa proviie them as services, rather thar
allow oeach user ¢to perform +them in its own wvay. Thase
services include any conversion of information that might be
reeded as it is transfarrsd betwzen 2°nd users. Some
exanples are data cospaction, expansion, encryption, sending
and recsiving formats, convertion of data 4ypes and data
rapresentation, terminal handling and file transfer.

The application layer represents the highest level layer
ir ths netwdrk. Its contents usually depends on the
individual usars, since they are the ultimate sources and
destinations of information passing *hrough a network. The
application layer does not becom2 diraectly involved in
comaunication functions, and thus the need for the end user
to know ab>ut internal consmunications procedures and
protccols of the network is aliminated. T'he praesentation
layer represonts the domain of the network users, while the
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lover 1level layers represent the domain of the n3twerk

designers.
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III. BOUTINZ

A.- DEPINITION

A central issue ir the desiga of a Packat Switching
Network is the selection 5f +the routing protocols which are
rasponsible for deciding the path t> be followad by a packet
as i+ traversas +the network. The basic concern 52f a routing
protocol is the efficierncy of the informa“ion transfer. 1I*s
main goal is <then to de“ormina th2 op+imal (best) routing
policy, i.e.,the set cf routes over whick packets havz to be
transaitted, in order to optimize 2a well defired cbijective
functior (lika delay, cos:t, throughput, etc.). It asunmes
that the 4integrity of <+this transfar is providsd by o*kher
protocols (2rror protectiosn, duplicate detec+-ion, security,
etc) .

In optimizing an objactive fuaction, as for example
sinimumn-delay, we can use two diffarant-criteria: cotimize
ths average system delay, or optimiza the individual dslay
for each source-to-isestination traffic requirement.
For+tunately, aost routing solutions obtained using these two
approaches turn out to be similar (l2ss ¢than 1% difference),
especially f>r 1large networks with uniform requirsmsnts
{Ref. 6). The system optimiza+ion approach, as we will see,
is generally us2d in static routiny problems, while +he
individual or user optimization concept is most common in
dynamic rcuting problams.

The degree of difficul*y of *+h2 routing problem in any
netvork, is strongly influanced by the network <opology. 1In
a star-connected network with £full duplex 1inks, for
exaaple, only the control node aust have the routing
information since all traffic must go through i+, and +he
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routing will <simply be a match of <he destination <o <he
output 1link that ‘comnacts to that noda. Ancther simple
arrargement is a single ring-connectad network. If <he lirks
are full-duplax, traffic can reach any destination from any

v source either way around the ring, and th2 routing a2lgorizhm
can be gui<e ¢trivial, &needing 0o routianag <tabl2 as main

. component since the shortast path can be sasily computed
from the destination node number. But ne*works are not
always thet simpla, 2and more and adre sophisticated routing
p-otocols ar2 raquired as *ha complaxity of the natwork
+opolcgy incrszases. Even without kaowing the details of +he
re2twecrk traffic, it 3is possibls to mak2 some general
statements about the optimum rout2s, based on <*he netvork
topology. One example is th2 Optimality Principle, which
states +that if nole "B" is on the optimal path from aod= ™A%
to "C", <then the optimal path fzom "B" to "C¥ falls along
the same rou*a.

Some of the most important packet swi+ched
communica*ions networks in cyrrsat operation ars TYMNET
(Public ccmmon carrier network based in the U.S.), TRANSPAC
(French's Government PTT data n2twork), ARPANET (U.S.
Departa2nt of Defense Computer Netwdr-k), SNA (IBM's Systenm
Network Arxchitecture) and DNA (Digital Equipment
Corporations Digital Network Architecture). The routing
algori-hms us2d in these ne“works tura out +o be varianis,
in one form >r anotkher, of shortast path algori+hms that

5;;, route packets from source to destination over the least cost
”:ﬁﬁ path. The specific cost criterioc used differs among ths
i§§: networks. Some use a fixed cost £for each 1link in the
ALY ratvork, and usually the cost is assigned invarsely
*t} - proportional to the link transmissiosn capacity, in bits per
"fxﬁ second. Por a n2twork with sgqual capacity 1links,
1532 - minimization of tha path cost then gsnerates a airimum hop
;ﬁ; path. Links wi*h high 2rror ratas or congestion may be
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assigned higher costs +o avoid ssading too much <zaffic

thzough then. Other na2tworks at+2apt =0 estimats averege
packat «ime 13i21ay on each lirnk, apd use this to assigzn 2
link cost. The resultant source-destination patk chesen,

tends to b2 the path with mirnimum average time delay. Orce
th2 best paths have been dJdetermin2i, routiag tables set at
each node are used to route individual packets <o <he
appropriate outgoing 1link.

Sho-*sst pa*h with singls2 routss turn out pnot to be
optimum, i€ the long-te-m average network delay %ime is to
be minimized. In this case multipls paths, where fractices
of the packets at a node are assign2d <to one of saveral
outgoing lirks (parhaps on a probabilistic basis), provide
for a closer to optimal routing. Phis kirnd of routing has
not ye* been us2d in routing schemes implemented irn
operatirg networks, although thers ar=z plans to> Zacorpocate
this procedur2 ir future routing machanisms for +the Canadian
DATAPAC ne<wdork . [Ref. 7]. In th2 present study we
investigate the use of a2 routing protocol “hat allows for
the routing of packets ovar mul+*ipla paths.

B. SIATIC AND DYNAMIC ROUTING

Routing protocols can be group2i into +wd> major classes:
Adaptiva or Dynamic and Nonadap:iive or Static, Dynzmic
protocols base their routirng decisions on m2asurzments or
estimates of the «current traffic and topolagy of the
network, and their routing policiss vary in ¢ime according
to the fluctuations of thase 1measurements. Static
protocols, in ccntrast, amake those decisions independen+ly
from +he current status of the natwork. Their routing
policies are detarmined a priori ani are time invariant. For
this reason, static protaocols musz bs designed to provilde
satigfactory performance, on the avsrage, over a range of
traffic intensities.
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If a2 dynamic protocol could manage to adapt perfectly <c
+he changes in traffic and topology 3f *h: ns=work, iz will
raturally outperfsrm any static protocol; but traffic loads
vary continuosly, and topclogy changss in mos* cases can rot
bz predicted, so dynamic protocdls requira complica<ed
computazions which may slow ths op=sration of *“he ne:work.
Furthermore, sending thz updata informaticn thrcuah <he
network may itself increase the traffic. Static pretocols,
in coa*ras+t, are usually simple, and since *heir
implemen*tatior is dore before bringing up thes retwork, <hay
do not affect the traffic lcad. Neverthelsss, static routing
protocols dc not react to drastic charges 3in traffic or
topolegy in the network, 3nd since ndst traffic is burs<y by
nature and equipment malfunctions are nrot infrequent, <+key
may lead to congestion and misuse of some of th2 links.

Static Routing is widely us2d4 in a2twork dssign. There
w2 are interasted in det2rmining whether 2 given <craffi
pattern can be accommodatsd by *he necwork, and if i+ can,
wvhat will the average dJdelay bea. Network topology is
gonerally designel interactively by producing small changes
(addition/delstion of 1links or rsducing/increasing 1link
capacities) and observing the effacts on throughput and
delay performanca. This performance evalua+ticn is
accomplished nsing a static routing algcri<ha. A me<hod
that applies this process 1is the "Cut-Saturationo" algorizhm
for the <+*opdlogical 1layout cf packet switched networks
[(Ref. 8].

The degree of adaptivity of a ==r<ain routing pro*ocol
can be measursd in terms >f its respoas2 time, *ha* is, the
rate of <changyes in the traffic ari topology of *he ne«work
which i+ is abls to track efficiently. There 1is indeed 2
whcle spect-ur of sclutions to th2 routiag problem between
the +wo extrezes mentionzd (static and dynamic). They acs
charactaerized by differant respdass times and used for
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differsat applications. A compara*ive analysis o¢f some
routing alternatives that combine static ard dynamic -ou+ting
faatures has been done by Rudin (R3af. 9]. If <the ca+z of
. change of cocnditions in a network is slow, for example, a
periodically refreshed static routing (or "quasista<tic")
protocol, can be a reasonabls solution; but if i+ is fast, a
dynamic routing scheme may be requirsd.

In *he static (or gquasistatic) routing enviromer=t, tas
time between ¢traffic pattern changes is very much larger
+han ths averagz network transmission *ime, so *hat the
routing computation can bs performzi iz *he background, at a
vary slow rat2, and without iancreasing the load on liaks or
nodes mach, In *he dynamic routiny savircmen%, or the other
hand, the *ine between traffic changes is comparable to the
time regquired to wmeasure such chanyss, compute new router
ard implement them. In this case w2 must bs corcerned with
the time required +to arrive to 2n optimal solutiorn and
install it in the nodes, and the amount of overchead
intrqduced in both 1link and node usaga. The frequeacy of
updating routing tablas represen*s a1 compromiss betweern the
desire that as soon as a2 change is detected the informa*ion
is immediatcly made known in the nstwork, and the amount of
overhead generated by the updates.

For a fixad network topology aad fixed *raffic patiern
situation, the optimal static routing protocol represents
the optimal routing schene. Por 3dz2terministic s+teady irnput
then, dynamic routing protocols that use ¢the systen
optimization approach must convergs <o the optimal static
routing, <that <corresponlds to the =xisting +traffic pa<tern
anrd retwork topology.

The effectiveness of different static routing protocols
rzlative %o dynamic <rtouting protocols is not r=221lly known,
except for some suggestions f-om simulation, PFor static
routing, a well known 1lower bound £cr d2lay has been
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determined by Pratta, Garla and ZXleinrock with thei:r "Flow
Deviation Method" [Ref. 10]. Tasz2 is no cozzssponding
lower bourd known €or dyramic routing, but in some cases,
simple dynamic routing schemes gJive delays significantly
lower than th2 best static routing 3delay for- scm2 specific
netvork topologies. Examples can bz £ound in YOM (Ref. 11].
Simulation =studies at the British National Physical
Laboratory indicate that the ajdition of a dynamic
capability to a shortes%t path (static) routing rule may
increase throughput by as much as 50%. [Ref. 12].

An optimal routing strategy will +then usz a Jdynamic
protocol that behaves as a static oae, when traffic and
topology of the network warrants it, and as a normal dynamic
onae o*herwise. Such a routing protoccl should not be
sensitive to small variations in the2 traffic, 2and it should
allowv routing through multiple pa*hs to maximiza utilization
of resources and reduce packet +*ims lelay.

C. DISTRIBUTED AND CENTRALIZED ROUTING

Perkaps the most importan: charactaristic that
differentia“«es tha numarous routing schemess that are
currentiy usel in packet-swithched communications netvworks
is the strategy used ¢to contral the selaction aad
implementation of the routes anier dif€zrent network
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conditions. McQuillan [Ref. 13], isfines four catszgcries of

4 o

control stratagies:
(1) Daterministic Control
(2) Isolated Control
(3) Distributed Con<%rol
. (4) Cantralized Contrcl
Deterministic Control implies fixz4 coutes, bu= nodes
have precomputed ¢tables which can be manually selected %o
deal with line or node outages. An 2xample of this kind of
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retwork is the SITA network. Isdlatad con“<rol s<rategies
. involve decision making a+t each node based orly orn 1local
: informa+ion. Informa<ion is not 2ven shared with adjacen+
nodes, and thus, changes are rot praopagated out of ths node.

N

A

Dis«ributed zcon*rol allcws each noda to make its own

LA

da3cission on how to adapt to the <changes in +<he network,
. based on informa+ion obtained locally as well as froa other
nodes. Furthermore, this stratsgy +*ries to propagate
routing information of global importancs *o all +he nodes.
The last category, centralized control, assigns the |
respensibility for all routing decisions to a singles node,
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;5 usually called the Network Routing Centar or NRC (possibly

2 backed up by alternate nodes in cas2 of failurs). In this
75 case, all nodes must report their status and any n2twork
~ changes tc tha NRC, as w3ll as ra2ceive and adopt routing
;S decisions froa it. Of these four catagories, <+he two most
AE widely used are Distribut2d and Caantralized Control. some
- examples of netwdrks using distributed routing are ARPANET
2 and DATAPAC, while TYMNET uses centralized routing.
:5 . Regardless of whether centraliz2d on distributed control
'33 is used, +h2y both imposa in th2 network 2 cost in time,
] bandwi+th, buffer space and othar n2twork —-esourcas, <*0 move
LA routing informa+ion from the 1lscatioas wvh2re routing
{5 policies are selected <o where they are anforced. In
li addition, if any Adynamic routing scheme is used, i: must
< overcome a problem fundamental to them, namsly, th2 shor+
o +ime interval availabls to delivar routing icfermation *o
ﬁi and from the aodes befors network conditiorns have changed so
;? much that the information is obsolats.
N For dynaaic routing protocols we prefer for the
S decisions to be made in a distribut2d fashionr. The reason
;f is +hat using the centralized approach, the time it takes
;; . » the NRC tc receive information froa 2ll the rodes, calculate
'7" *he routing strateqgy and send i+ back to *<he appropriate
N
[
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nodas, can b3 so long that <+he routing decision may be ou«
of date. In this case the dynamic routing protacosl ray loose
izs eadaptiveness and make what is affectively a rarcdonm
change. In contrast, distribut23 schemes 40 rc* have as
much irformation, since we can wusually expect to have ornly
the ©past information of .all th2 network (global), the
present information of the nocd2 (local), and par+tial
informaticn of some other node or group of nodes. The
dacision rulas are usually simplsr, and the propagatioa
delay for <the exchargs of status information betwean
neighboring nodes, car also be smaller *+han if sent from a
centralized center. This reduces the time elapsed betwesn
the change of states and the chang2 of the routing decision.
A distributed scheme reduces the raliance on a cental node
that may fail. It may alsd> diminish the effects of node and
link failure, sinrce in a centralizai protocol, the routes to
be used by *he notification of such failures may in fact be
dsestroyed by them. In addition it can avoid *“he increase of
traffic overhead in the proximity of the NRC, due to the
pariodic collection o¢f status reports from all the nodes,
ard the distribution of routing decisions from it.

Although 25 mixed scheme has ya2t bYeen implemented, 4in
principle it is possiblie to combin:2 rou+ing strategies to
compensate for 9ach othar's defficiencies, 2and therefore
hcpe to reach reach an overall iamprovement of routing
charactaristics. An example of a routing protocol that
combines centralized with distributed routing is the
Delta-Routing. In this scheme the zentral controller sends
rcuting tables to the individual n>des, but these are used
in conjunction with local gueue lengths to selac: the routes
to be taken by individual packets. Other schemes +“hat
combine centralized with 1istributad routing are discussed
by Chu and Shen [Ref. 14].
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D. PFLOW CONTROL AND CONGESTION CONIROL

Ir mos* shared communication nstworks, rescurcss ar?
dimensioned to mea: less *har thée psak demand requicsments,
dus *o cost factors. Phis wunda2rdimensior Iin“*roduces a
reducticn in the usual perfcraaace, which should be
acceptable to the users, plus a risk “hat the actual traffic
load may occasionally exceed <the 1lavel whers acceptable
performance is obtained. The traffic 1lcad lsvel a* which
acceptable performance is just net, and where any increase
in it will make performance unaccsptable, is called <the
overload level. By setting this lavsl the d2signer can make
the risk of n>n-acceptable performance as small 2s he wants.
Therefore, the overlcad lavel is th2 network's design load
leval.

In a packat switched communications network, even when
the traffic lavel does not exceed th2 overload level, there
is a need to control the rate at which packets flow from cne
nods to the naxt and to prevent packe:ss from arriving a+ ¢he
receiver at a rate faster tha+t it can handls them. We must
also make =sure *hat the load impssad on the path between
tranasmitter and rsceiver 11oes not excaed its capacity. A |
mechanism +o allocate resources td satisfy us2r dewmands as ‘
long as there are resourcas, and t> settle contention when
th2 network rumns out of resourcss, is raqguired. This '
mechanism is usually called Plow Control. A g55d definition ’
of Flow-Contrdl giver by Rudin ([R2f. 15], states that flow
control is "2 system of algorithas which are used in a
natvork to prevent a single user or a usa2r- group from
monopolizing the network rasources t> the detriment of other
users¥,

Plow Control may be done batwe2n neighboring nodes
(local control) or between so>ucrce and des+tination
(end-*0-end control). Ba*ween n2ighborirg nodes the flow
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contrel mechanisa must be design <o ensure +hat +*h2
transaitter sends packets at a rate acceptable by <the
raceiver and thus protects the receiver nrode against

‘21 over-flowing its packet Dbuffers and overloading its
? - processirg capacity. Corsegquently, it places limits or the
Yoy nusber of packets at the buffers of the switching nodes.
2 * Betveen source and destination nodss, flow control must be
ﬁa designed to ensure that the sourc2 nsde doss not ganerate !
E 1 packets for the dsstiration at a rate higher ¢han that at
™ which the latter can accept tkhesn. So it places a limit on

the number of packets balonging to a sourcs-destination
pair.

All flow control mechanisms eitasr require the sender %o
stop sending at some point and wai+t for an explicit
go-ahead, or permit the ra2ceiver t> disca:-d packets at will

4§ with Zmpunity. Two well known flow control mechanisms are
,j Stop-and-Wait and sliding-wWindow. Some aralytic modsls for
& the study of and-to-end and local flow control can b2 found
™ in the literature (Ref. 16].

13 When the number of packets relz2asad into the network by
';; tha prodes is within ite carrying capacity, ¢hey are all

deliverad (except for a few that may be affected by
o transmission errors) . But when to> aany packets are present
\Ig in part of the network, it car becoma impossibla for packets

éa to move, because the gueues int> which they should be
- accepted ar2 alwvays full, causing the network performance to
;: degrade; this situation is called Congestion. COngestiop
;2; can be brought about by several facctors. If the nodes ar2
;23 too slow to perform the various tasks required (queuing,
-~ updating tables, etc), their gusues can build up even though
ﬁf ) thare is excess capacity in their outputr links. On the
ifﬁ o~her hand even if the processiny speed of <+he nodes \is
bt infinitely fast, gueuas carn build up if ¢the input <raffic
,M rate exceeds ¢the capacity of <the ocutput lines. This can
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happen fcr examplsa if tvo or more ianput lines are delivering
packets all o5f which n93d to be ssnt by the same outpu*
ink. Congestion tends to feed upon itself and become wcrIse
if nothing is done to control it. If ths traffic increasss
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too far, performance may coliapse complately and aimost no
packets be delivsered.
. Many factors can cause the =c=arrcying capacity of <+he

u-:.

-
S

network to be exceeded and cause congastion, so the natwork
must be able to react and take some action td control it.
Flow control techniques cannot really solve ¢h2 congestiorn
problem because traffic is bursty, so any scheme which is
adjusted to rastrict each user to thes mean traffic rate will
provide bad s2rvice when the user wants to ssand a burst of
traffic, even though thers is no c=>agestion. On the other
hand, if the flow control limit is se+« higa enough to permit
the peak traffic to get thrTough, it has little value as a
congestion control wmechanism when ssvaral users send their
peak traffic at once. What is ra2ally needed is a con*rol
- scheme that is only +¢riggared wvwhen the systam is congeszed;

ﬁﬁg this schems is called Congastion Control. Congestion contzol
£t is therefore the set of aschanisms wvhereby the netwerk
”{ ] maintains inpat traffic within 1liaits that are compatible

_ : with its carrying capacity.

};%h In most packet switched networks, if a2 packet ramains
o queued for too long at some noda before arriving to its
fti destination, retransmission will cccur until a positive

acknowvledgenment is received, this process crea«aes th2
ability to generate traffic within the network itself. With
high volumes of traffic the genaration process can create a
traffic volume equal +to5 the r2aaining capacity of <he
netwvork. When this critical point is rsached 2ll buffers are

full and the ne+work fails and -2amains with nd throughput;
+hat is, it cannot receive or successfully ¢traasmi: a
packet, so that all nodas are caught in a deadly eabrace.
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This extreme case of congestion is calied Lock-up ard is
irreversible. The only way out is “o purge the locked-up
traffic.

The general strategy is tharafore preven+ativa ip
nature, and consists of controlling congestion in the first
place. If infinite buffers wera provided at the nodes,
there would be no lost traffic aal tha network wculd orly
congest at irfinite load, well above the overload pcint (the
ﬁ point of acceptable delay). If ©o the contrary buffer size
- were very small, <+he network will congest evar at small
+raffic loads, well below the overload poirnt. Thus ther:z is
¥ an optimal buffer size which makes overload and corngastion
cccur at the same traffic 1level. This is desirable bacause

**f' it is Dbetter to have a congestion control mechanism “hat
*;. rejects overloading traffic than t> have excass buffers in
?g: which traffic may spend too much tiam2 to be useful.
s;% Without effective congestion control, packet mean “ime
' delay will tand to infinity and throughput will tend +to
Ny zero, &s the mnetwork approaches the d2adlock 1load. Wit}
1;‘ £fective congestion controsl, =m=2an tima delay and througkput
;Eg will increase until *hey r2ach the saturation lavel and then
- stay the same (flatten), remaining iaosensitivse tc further
A, load 4increases. The curves in Pig. 3.1 show natwork
';g throughput and packet ¢transi+t tias2 delay versus offered
tﬁ} load, for na2twvorks with and without effective congastion
T control.
. 2. It shoull be apparent that with effective congastion
g%ﬁ control, if the ne*work *hroughput and pack=t mean transit
QM delay flatten as offered 1oad incresases, the msan adaittance
;‘; ) delay of packets to the natwork by the nodes must increase.

Fig. 3.2 shows a comparisor betwe2a admittance delay and
transit delay, for packets ir the natwork, as offered lcad
increasss.
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3¢ A = With effective congestion
control

B = Without congestion control
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Pigure 3.1 THROUGHPUT AND TRANSIT DBLAY VERSUS OFFERED LOAD.
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Som2 ccamon types of stratagies wused in packei switched
nstvorks for dealing with congestis>s use pre-allocation of
rasources, choking off input (“hat is, rejyuiriag the aode
sender to reduce its traffic by s=21i1ing it a Choke-Packat),
packet discarding, ard restricting <+ha <otal number of
packets allow2d in the network (Isarithmic con%trol). Thei:x
effactiveress and performance ara analyzed axtensively by
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a3 Mean A = Admitance delay
delay B = Transit delay

]

i
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AT .
By |
i | Offered load
N L]
f.~ | a—e Deadlock level
.jh
N
- Pigure 3.2 DELAY VERSUS OPFERED LOAD.
5 -
;:5 SCHWARTZ and SAAD [Ref. 17), 1Irsland [Ref. 18] and Davies
)
! (Ref. 19]. Since pcor routing aljoritams often lead <*o
) congestion problams, and local congastion often requires at
}Qﬁ lesast temporary modification of rou=wing pro*ocols, the
%ﬁ routing problsm cannot be completsly divorced frcem that of
> conges+ion control. However, in this thesis wa concentcate
= on <*“he routing protocols wunder th2 assump*ioca that the
e N
?}z batter they are, the less congestion is likely to occur in
20N the network.
818
N

&

35

VORNRE GATERE S T S Qe e SN T SOy




-‘-,‘-

T

-

Vol

.l
.'J( :

X
VA

?,
T

4
EAR

1

»

A4

LN

»

D R N N ..

LAAE G AL AR I N 2 TR bt il Al g A e g

E. ROUTING PFRACTIONS

Under the avppropriat2 assumptisns the optimal rou<=ing
p-oblem car be formulated as a nonlinear multicomodi<y flow
problem, so that mathematical projramming tschniques can be
used tc solve it. All the routiny pro=ccols menticred so
far are basel on the assumption >f the convexity of <ths2
objective function. A very popular analytical model of data
communications networks, whick relates the packet tim2 delay
to the flecws and capacities of the links, was intrcduced by
Kleinrock in [ Ref. 20]. In this a>d21, the steady state
time delay in each 1link is calculata2l explici<y as:

Tij= 1/ (Cij - Pij )

Is the node origin of Link (i,9).

Is the node termination >f Link (i,9).

Tij: Is the expected delay per message experisnced
by messages using Link (i,3).

Cij: Is the capacicy >f Link (i,J) in messages per

(S A 2 L
e

second.
Pij: Is *he data flow ra%+es in Link (i,J) *r messages
per second.
Th2 routing assignment is then selected to minimize the
expected weighted delay "D", of umnessages zraversing the

retwork, vhers:

D= SON ( Pij x Tij)
(¢ )

This analysis is based oo the assumptions “hat traffic in
each link can be modeled as Poisson message arrivals with
independent exponentially iistribut2d messags lsrngths, and
that queueing delays are the orly nonnegligible sourca2 of
delay in +he network. The first assumption is the tesul: of
Kleinrock's famous "Independence Assumption", that messagss
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loose thair indentity at each 1nsds and are assigqred =new
ind2pendent lengths. The sacond assumption, g2neralized by

;~ Kleinrock in ([Ref. 21)], accounts for ovarhead and
\:3 . propagation dalays. Kleinrock's mod=21 is appropriate for
EE@ sta*ic and guasi-static situvaticns bu* less appropriate for
7 dynamic strategies.
") : A ganeralization of ¢his model, where “he <conteats of
53 the queues at the nodas are viswed as continous gquantities,
}:ﬁ rather than as an integsr number »5Sf messagss or bits, is
R proposed by Segall in [Ref. 22]. Th2 coctinucus nature of
” his model :Is justified by the fact cthat thz 2ffect o€ any
'3; single message on +the <*otal syst2a parformance should be
'i: minimal. Usingy this continuous modz2l the routing problam can
bXs be forihlated as 2 linear optimal sontrol problem. Solu*ion
}; to this problem has been approachzd via a fzedback form,
%i% obtained by means of Pontryagin's aminimum pcirciple, and
‘ﬁ% dynamic programming. Another solutionr involves replacing
s some constraints with pe2nalty functions, and uses <*his
”ué formulation to investigate how t> minimize the average
&; i message delay, while disposing of whatever backlogs may
ﬁ: exist in the network at any particular point in time. A
"r comprehensive study of the <£eelback sclution has been
$f presented by Moss in (Ref. 23], and solution has been
N obtained for +he case in which all messages have <the sam2
ﬁh destina+icn and the inputs ars constaat in *ime. But the
Lt approach runs 4into difficulties when the general case is
ﬁi considered and no solution has yet baen cbtain=d for it.
)%: A differeat approach proposed by Wozencraft [Ref. 24],
:Q& involves changing the objective function while keeping the
— same continuous model. Instead of trying to minimize *the
ﬁl average delay, +the idea is *o minimize <%h2 maximum delay.
‘3; Tais msinimax approach has been axtsasively researched by Ros
\;; ' in [Ref. 25]. The objective is than <0 minimize the maximal

- saturatior ratio (Fij s cij) in th2 nstwerk. Subsequenzly
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the nex: maximal saturation ra+io is minimiz=a3. ItzTaz

N
=]

2

]

is con*inued in *his way un+til a uaique solution =o <¢h
correspondirg problem is <found or ws have sxhausted al
o

"o

links. At this point we <can gsrarate a ini+e set
fractions (w2 will call <them Routing PFractions) ~hat
rapresent the proportion of <+raffic from node "A"™ (apy node)
. to node "B" (iastination node) that must be rou+ted through
link "C" (any outgoing link of nod2 "A")., We will call ckis
procedure: "Successive Saturationh,

An alternate solution which rzjuirss less computational
effort consists of doing the first itezation of +he
Successive Saturation method mesntioned befors, using i<s
results to scale ¢the capacity of :h2 links in “he re:work,
and then finding <the set 5f flows tha“ maximize the sun of
*the exess capacity (slack) of all links. At this poirnz we
have found a finite set 5f Routiny Fractiorns, as defized
before. We will call this procsdur2: "Maximum Slack". Bo<h
solutions use 1linear programming &schniques and +*harefore
enjoy *he trezsndous computational bsnsfits that thay offer.
. This *thesis is part of a biggsr 2ffort +3 analyze <he

use of Routing Fractions in the rou*ting protecccls of a
packet switched ccmmunications nstwork. As such i+
concentrates on the study of +*h2ir behavicor in a static
maltiple path routing st-ategy. Nevarthelsss, +h2 model
developzd as well as the computer simula*icn program corntain
provisions for future s2xperimentation on +their wuse ia a
dynamic routing strategy. Thes2 provisions allow +he
additicn of a computer pragram that calculataes the values of
the Routing Frac%ions (which is th2 matier of another thasis
being undertaken at the present tiam2). This program couald
: then be called upon to recalculate the values of the routing

fractions, wher the traffic load or topolegy changes in +he
- network warrant it.

LN NNt ~
’ n-ﬁl\_—:.x-‘--:.-.i




F. LOOP AVOIDANCE

Ar important characteristic that any rouzin prctocol
shonld have is to be "loop=-free". Loop-freedom Aefinss a
psr destination partial orderiny of the nodes in the
network, which is used by the routing protacols £cr the
ptopagation of packets through the network, <+o preven= then
from looping. A loop-flow exists in tha2 routing pro*ocol
wh2n a pack=2t can potentially loop, <that is, it can arcivs
to *he same ncde for the second tims iz I+s way to 3its

, destination. A given packet may be <trapped in such a loop
“ﬂ33 for a significant amcunt of time. If a largs oaumber of
l*; packets start 1losping they can cause congestion (since
EI- ratransmission will occur until a positive acknowledgemernt
L is received) which begins at the 1locus of the loop and can
; srread throughout the network. A 1loop-flow may exist even
< if no individual packet evzar loops.

A The mair reason for a routing protocol to be lcop-fres,
{ is the reduction in pack2%t time d=1lay. O+*h2r impor<ant
SO reasons include the simplification of higher level
: protocols, and to prevent some pot2atial deadlocks.

. Most rulss and proceduras usad <o develop locp-freae
routing scheaes, are extansions 2f <tschrniques wused in
network graph theory and flow p=z2ttern analysis. The
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fcllowing are soma interesting 2xamplas of routing

»
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principles derived from thase technijuss.

If we call the destination nodz "Sink", ard if naocde "a

. ... A " .

is on a path from node "B" to th2 sink, we say M"A" :s

LR AN
L]

downstrean from "B", and "B" is upstream Srom "Av, In a

.
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loop-free routing prctocol, no nods can be both ups+ream 2and

»
1,

. dowrstream from any other node, for a given destinatioa. 1If

g

WA AR

"pw is a set >f lipnks that form a tree in *he network graph,
ard "P" is a set of links (not in "I") going iatc node "aw,
than the set (T ¢+ P) is loop-fr2e since <he links gecing iato

A
B
NIAS

[A

39

R

IR DS DR Ry Bt

»

-~




ncde "AY cannd>t be in a loop. Furthsrmore ths sst (T + F
(ALL LINKS NOT 1IN ?)) is a trze. sums of 1loop-frze tree

N flows are not alwvays loop-free as wmight be expected
R0% [Ref. 26].

;Es . The set of optimal rutes from all sourcas to a given
:ﬁj destipnaticn form a tree routed a%* ta: lestination (such tree
' . is called the Sink Tree). Therefors, it will ro*t contairn
ﬁﬁ any loop-£flows, and each packet will be delivered to its
;;i destination vithin a finite and bcundesd zumbsr of hops. If
e a fixed routiang is contructed by <choosing a maximal “+re2 in
"' the network graph (that is using only links directed towards
?%h the sink), then <the rasulting flow is nonnsgative and
5?3 loop~frse, and the set of all fliows determired this way is
ﬂj clearly convex and loop-free.

3 In genenl, no optimal routing protoccl carn have
fﬂ$ loop~-flows, 1 fact which will <+end to mirimize conges+ion.
il& Scme Touting algorythms cannot be said to be loop-free but
;bﬁ if <tha small nuaber of loops whic “hey d0 form do not
L persist (transient), and do not 1lead +to congestion or to a
ﬁ;ﬂ significart increase in average network delay, <+they may b2
fﬁ; accepted as efficient. An exampl2 of this caszs is the new
e

ARPANET routing scheme SPF (Shortest-path-first) [Ref. 27],
wvhere a small amount of transient looping occurs while the

.
0
bl

R

network is adapting *to a routing changa.

An algorithm that dces not permit looping does not
necessarily ra2sult in low2r delay, higher throughput, or
less ccngestion tham an algorithm which does. Howevar
research by Gallager [Ref. 28], has provan that tke paths in
. a minimum distance (optimum) =solution, for a network with
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link distances greater than zero is loop-£free.
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IV. SIMULATION OF A PACKET SWITCHED COMMUNICATIONS NEIWORK

A. MODEL CHARACTERISTICS

In the analysis of *tue rTouting protocols of a packe:
switched re<work, simulastior has prover to be a powsarful
+001 to investigate +*hsir performance and carry out
comparative studies cof the differa2at strategiszs. In scme
cases, such as with distributed dynamic routing, simulation
has been reli=d on almost exclusivaly becauss 2f the time
vaying behavior of the set of iatarac:tive queues, whose
theoretical study is still in its infancy.

In simulation the netwdork and its protocols are aodsled
in *erms of a computer program. Neverthaless, it must not
be an emulatisn seeking to dquplicace svery small dazail of
+he network operation. A siaulation model that ¢tries to
cover every datail is an 2xtremely 2xpensive, wasteful, and
slow-running operaticn. As a gen2ral rule ope should orly
simulate the system feoatures that are relevant. Therefcere
the simulation of a routing algorithm must describe the
nodal queue handling procedurss, and the <rou*ing process
itself, in full detail.

The mcdel we chose is that of 3 set of nodss coannected
by unidirectional communica*ion 1links. The number of
outgoing cr incoming links is not limited by the model; this
allows for +*he configuration of the network in almost any
topology desired. Each link has a buffer (we will call it a
queue) vhers? packets are <stored 4if <+he link 4is Dbusy.
Transmission o>f packets from the guzuz of each link is dcne
in a FIFO (Pirst in first >ut) fashion. Nevertheless, some
packet-pricritizing scheme can be 2asily added tc the aodel,

ithou* affecting its structure.
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Our mod=2l assumes noise-free links, <hat Is, packets
arrive at their destination without any errors and no packet
loss is experisnced 4during transmission. Similarly,
queueing delays and trarnsmission tims are assumed to be th2
only nonnegligible sources of delays in the ne:wcrk.

Message traffic in a packet switched rn2twork can be
modeled as a Poissor process, with <the length of <the
messages gecmatrically distributed. Accordingly, our model
us2s a messags gsnerator that gen3ratas poisscn distributed
mrssages (by usiag expon2n*ially jistzributsd irpterarrival

imes), and the npumber of packets for each m2ssage (message
length) is generated from 2 geometric distribution,

Traffic 1>ad is another parametar that can be set “¢ an

<

desired level in our model, and two ways of doirng it ar

(1]

trovided. The first accomplishss this by setting <+h

o

average number of new messages for the naetwork par second.
The invarse of this number is thea us2d as the mean of the
exponen+~ial dis<ribution used to generate <he massage
interarrival times as mentioned befsrs. Th2 second does i*
by setting th2 average numbsar of packets per nessage. This
number is *hen used as the m=2an of thke geometric
distribution from which the 1length of each message (in
packets) is jy2narated. Both numbers are read as inputs by
the model so they can be set to any desired value.

The model acca2pts as inputs *the probabili*y »f sach nod2
being <the source of a messaga, and tha condi+ional
probability 5f 2ach nods being the destication given a
source node, With these twc sets >f inputs, 1i* calculatas
the pzobability of sach possible combina+ion cf ncdes
(node-pair) baing source and dastination o5f a msssage. When
a message is generated, the model picks a node-pair rardomly
and assigns them as sourca and dastination 2f the message
raspectively.
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As indicated in chapt2r thr2s, <+the Routing Frac+<ions
represent “he proportion of traffic f-om nod: "A" (aany rode)
0 node "p® (3estination node) that must be routed through
link "C" (any outgoing link of rnoiz "aw), This
the Rou“ing Fractions make them r2adily availabla
us3 in a2 multiple path routing schame.

The routirg protocol proceduras of <*he @model are
contained in a separate msdule (see routine 'PICK.BEST.LINK'

=

atgore

t

of
eir

th
"

=4

(o

in “kte program dascription section), “o allow them *0 be
easily changel if raquirsd. Values of the routing £fractions
correspcndirg to sach link ars real by the model, and used
by the nodes to select “he outgoing link by which to route
each packect. This selection is 3>5n2 by picking a routing
fraction probabilisticly, and using the 1link <ha+
corresponds %o it as th2 =select2l outgoing link. This
procedure, as aentioned bafore, allows for multiple paths in
the rou*ing of traffic destired to any node.

Since our study concantrates 5n <their use in a stati
routirg scheme, the values of tha routiang fractions do not
change throughou¢ the simulatior rcuan. Nevzactheless, the
mod=el allows for the addition of a Routing Fraction
recalculaticn procedure, which could be executad when the
traffic load 5r <wopology changes in the network require it.
This addition will change the mod=2l's static routing scheme
into a dynamic one.

In ordsr to make the model mors flexible in adapting to
different testing ccnditions, we allov <the network to be
configured to provide either Datagram or Virtual Circuit
services. When in thke Datagram Sarvice Configuration, the
rou-e in +erms of links td be travars=24 by each packet (on
i-s way from the source node to the destipation node), is
datermired sequentially. As the packat arrives %> each node,
the nex+ outgoing 1link t> be traversed by it is determired
by the mcdei. This procedure is -hen repeatsd a* each node
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data from it is collected by the md>3iel for *ths sta<istical

+he packe*t arrives to its dsstinatiorn rnode. There,

analysis of *hs network bahavior, ard then destroyed by the
model. In this way, each irdividual packet wili travsrse a
route specially determined for it at each node, and ro
direct relationship exists betwzen this Cout2 and the -outes
of +he other packets of the same message. Consaquently, in
this procedur2 packets of the sama messaga cac (and mos*
often d4o) f51low different paths through <+he network orn
their way to thair destinationm. This as we saw before,
complies with the characteristics >f Datagram Service.

In +the Virtwal Cizcuit servica configuration, ia
contrast, th2 complete route to bs followed by a messagza is
determined at th2 moment of its crszation. This route will
+*hen be followed by all the packats belonging +to that
message. No route chang2 is therefore exparienced by any
packet after it 1leaves the sourz2 node. Whar a packet
arrives at a n1ode, <+he model checks its predeterminred route
and sends <+ths packet ¢9o the corrssponding outgoing 1link.
This procedur2 is repeated at evsry node until the packet
arrives to its destination, where 3ata from it is collectad
(for the same statistical purposes 2as in datagram) and the
packe*t destroyed by the model.

As it is in mos* packet switched networks in opera+ion,
in our model the size of all <he data packets is the same,
but it can be defined to b2 ary numbar of bits. In order to
do <his the m>del accepts this sizes as an input, and fixes
the size of all the packets to i=z. If there were a
raguiremert 5 allow packets to be of different size, a
mechanism *c jJenera*te these sizes could be easily added to
tha model.

Another important parameter of sur netwotk model is the
link capacity, i.e. the data carrying speed of 2ach 1link, in
bits per second. Our model raads th2 capacity o2f each link
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and then uses it to calculate the “ime required for a packet
to traverse that 1link (transmission ~im2). TR
+*ransaissiorn time is furthar used t> schedule ths arrival of
the packe* at th2 next nola. The md>iel can tharsfore accept
any value of capacity for aach irdividual link, as long as
it is i1 bits per second.

As menticned before, each lirk has a buffer or queue to
sto-e packets waiting for traasmissioa. In our mcidel we have
chosen not to 1limit +he sizez of thase guesues, in order to

allow the study of the ba2havior of the routing frac+ioms
without introiucirng any other procass <hat could affsct the
r2sults ¢of “h2 analysis.

Most of the parameters of the ao5dsl can be changed vary
easily, to allow <the simulation of diffsrant <testing
coaditicns, as we will ss2., As an axample the number of
nod2s aad links do not have a theoratical limit, but must be
set before th2 simula*ior star<s, and remain £ixed for tha
duration of the cun. Nevarthaless, thneze ar2 some indicect
ways of changing the *topology ¢f ths re“work during the run,
such as setting the corraspoanding routing fractions of any
link to zero. This will prevent anymora *raffic from goirng
into it. 1Ir this vay we can represen< a link failure.

B. PARAMETERS OF THE PACKET SWITCHED NETWOBRK

Th2 definition of the diffarent variables whcse values
must be read as inpu*s by the progras is “he £following:
1 N.NODE : Namber of nodes of the netwcrk, integer number.
2) N.LINK : Number of links of the n=2twork, integer number.
3) CONNECTED : Integer twdo>-dimensionzl matrix that indicates
the way the links are conaectzd in <+he network.
Each row repr2sants a link and sach column a node.
So position CONNBCTED(A,B) must have 3 value of 1

if link *A' starts in no3dse *'B', 3 value of -1 if
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link 'A* ends in node *B* ard a value cf 0
alsawere.

4) PR.ORIG : Real 1-dimernsional matrix, each row rTepresents
a node and contairs the probability 5£ a message

being originated iz that nods.
S) PR.DEST : Real two-dimensisnal matrix, each row
. reprasents an origin node and eack cclumm a
i;i destination noia. So position pr.dest (A,B)
1;3 cortains the probability that a message <+ha* was
fﬁﬁ oviginated in node *A' has as its destination node
'Be,
ftﬁ 6) ROUT.FPRAC : Real <+wo-dimensis>nal matrix, éach row
P reprasents a link and each column a rncde. So for
MO position  ROUT.PRAC (A,B), i+ contains  the
:. proportion of <the traffic destin2d to node 'BY,
ip;i that should be sent by 1link *'A' i.e. routing
‘Eﬁ fraction of lirk 'A' for ndds 'B'. If no traffic
R fcr nod2 'B' can be secxt by 1link 'A' its value
’ should be 2ero. PFor our study (static scheme),
;§§ these values do not changs during the simulation
:ﬁ; run. Por <the future uss o9f this program 3in a
A dynamic routing scheme, th2se will only be the
o iritial values of the routing fractiors. During
5§$ the simulation run, their valuss should be
";f recalculated every time the conditions in +the
'_f? network so =require (see a2vaent YNEW.ROUT.PRAC' ir
#;; saction "D" of this chaptar).
‘é&? 7) LNK.CAPACITY : Intagar 1-dimensional matrix, each row
%&E represents a link and contains the capacity of
NI that link in bits per sscond.
Eg% . 8) TIME.LIMIT : Real number that r:spresents th2 1leng*h of
FE& time the simulation run will last, in seconds.
ﬁiﬁ: . 9) REPT.TIME : Real nuaber that raprasents ks in*arval of
A time between *NET.REPORT' 2avants, in seconds.
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10) UP.TIME : Real number *hat reprasents “hes interval of
+ima batween 'NEW.ROUT.FRAC' avents, in s=2conds.

11) COLL.INT : R=2al number that c2prssents <he interval of
time between 'DATA.COLLECTION' events, in seconds.

12) LAP.TIME : Real number that ra2presents *he in<terval of
+ima betvween 'LAP.TOTALS.RESET' everts, in secords
(see event ‘LAP.TOTALS.RESET' in section "D" of
this chaptern).

13) LENGTH.PKT : Integer number that represen*s the length
cf a1 packet ir bits.

14) AVG.MPS.NET : Re2al number that rapresents *he &verage
number o€ messages per second <+h:z na2twork will
gensrate.

15) AVG.PKTS.NSG : Real number <that represants the average
nusber of packats-psr-message the nstwerk will
generaze.

16) PRNT : Integer number +hat represents the printing
condition for th2 run. D2pending or the value set
it can print tke fecllowing:

0 ==> Initial data, netwdrk topoiogy, net r2per:s,
data collaction messages, peciod reports,
collect period 3ata messages, res+tart |
period totals messages, lap *o*als reset
messages, destruction messzge, anrd end of
siaulation messag2.

1 ==> All in 0 plus traca 5f all packe:s.

2 ==> All in 0 and 1 plus information of 211 links
avary time it performs a 'NEW.MSG' or ar
'*END.XNT*' aevent,

Integer anumbar that reprasents the configuration

of the network for the simulation. It can take the

17) HO.DE

following values:
1 ==> Datagram sa2rvice natwork
2 ==> Virtual Circuit service network
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The topolcgy 5f the network used for our simulation Iis shown

in figure 4-1. I+ consists of a set of thirteer nodes
conrected by sixty unidiractional 1links. To simplify the
drawipg each 1line interconnecting two rodes irn Pigure 4.1
represants two links, one in each direction. EBack 1lipk in
our model is assigned a number for its id=zntificationm.
Appendix B o©dntains a list of +ha link numbers with +heir
corresponding origin and terminacion ncdes. As mentioned
before, each link owas a gueue (or buffer) whers packets are
stored temporarily while waiting for their <+traansmission if
the lirk is busy. These queues have nc limit in *heir size.

The link capacity (the vrate at which data is carried
through the link measured in bits er second) of all links
vas set to 20,000 bits per second, which is th2 transmission
rate that modern modems allow over dedicated 1lines. The
packet leng+h usel was 1000 bits, which is approximately the
maximum packat size allowed ia ARPANET (1008 Dbi*ts).
Transmission time is calculated by the model every time it
starts to transmit a packet through 2 link. For this it uses
“ha capacity >f the 1link ianveclved, and the packet length.

The probability of a node pair to be select=2d as source
and destination of a message, was initially s2t to be equal
for all nodes. Later a non-unifora iistribution was also
used to compare the behavior of +the routing scheme in
balanced ard unbalanced traffic situations.

The mean aumber of messages par second €for the network
and mean packats per message wher2 s2t to diffarent values
40 aralize the response of +“he network to different tra€ffic
loads.

Two sets 5f routing fractions were used. The firs* sa+
vas calculated by the successive saturation ms+*hod and the
s2cond set was calculated using the maximum slack approach.
as explained in <chapter ITI. Both se“s whers tes*ted under
the same netwdrk and traffic conditiosns.
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Pigure 8.1 NETWORK TOPOLOGY.

C. COMPUTER LANGUAGE

The simulation of our packet switched n2twork model was

done using the SIMSCRIPT TII.S Computer Language. This
languag2 was selected because it provides an 2xca2llent means
for discrate-evant simula<ion. Another {impor+tant

characteris+tic of this language is that it allows the use of
Portran subroutines. This fea*ure makes it possibles to take
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advantage of sxisting subroutines or programs, ~rcathkac “han
+0 waste time reprograming them in SIMSCRIPT II.S.

SIMSCRIPT II.5 language uses english-l:ke statemen<s and
allows for +th: insertion cf som2 2xtra werds, that maks i+
easier o real (even by someone wizh 1little practice in this
lanquage) . These charactaris+ics aak2 a program writ<en in
Simscript II.5 almost self-documentsd and osnly scme shore«
comments ar= nzeded. Nevar+theless, care was tazken *o make
tha program as modular and structured as possible, *o make
it oasijer to change ard understani. In 2d4dizior <c *he
simulaticn p-ogram, two other progr-ams where writztasr in
Por«ran langquag2 for the display and graphi:z of data
collected from a simulaticn run, using the Disspla graphics

scftvara package.

D. SIMULATION PROGRANM DESCRIPTION

In writing the program ore of the main objectives, as
mantioned before, was to make it f£lexibls so as +o adapt to
possible variations in the2 ne<twork topology cr requirements
of tke simulation, Consequently the values of <+he input
parameters can be set *o adspt tc most simulation
requirements, as seen before.

The program is divided in thr2: major parts, the firs«
part is called tke PREAMBLE, +the sscond is called ths MAIYN,
and the third contains all the Subroutines and Evernts,

The pre2amble contains mode and dimension d2finitions of
Global VYariables, declaration >f Events and Event
priorities, and definition of Sta<istical Variables and
program Punctions.

The main program is <he J3Jriver of the simulation, i*
calls and schedules “*he initializing Rcutines and Svenss,

nd starts and ends the simulatiorn.
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The modularity ir this prcgram is mainly accomplishned by
dividing the rest of the code int> subroutines and Evenzs.
The main diffsrence between a Subroutine and an Event, is
+hat a Subroutine is call2d upon to perfcrm a function (or
procedurs) by another Subroutine or Ev2nt, wher=2as an Even<
is schedulad ¢to occur (parform its functiorn) a+t 5 certain
point i +im2. While Subroutines ra2%ura contrsl to thair
caller an Event returns control to> th2 <“imirng mechanism of
the SIMSCRIPT 1II.5 systema (we will <call it <+he Timing
Routine).

The differsnt Subroutines and Evanis contained in the
program, and the functions they perform, are +he following:
- ROUTINE NETRORK.CONSTRUCT ION

This routine reads +h2 number cf nodes aad links, and

constructs the network based ox those paramsters.
= ROUTINE INITIALIZATION

This routine r2ads ths values 5f the initial conditioms

chosen by the user and initializas all 5lobal Variables

for the simulation Cuc. It ¢thsn finds ths probability
of each possible pair of nodas being sourcs and
des+ina+ion of a message, by using the input variables

'PR.ORIG* and 'PR.DEST' wusiag probability's Gereral

Multiplication rule. After that it stores these values

ard +*he corresponding node names in the matrix

*PAIRS(A,B,C)*, whera “A"™ is the probability of <he

pair, "B" the source node, and *C" the destination node.
- ROUTINE PRINT.,INIT.CONDITIONS

This routine prints the initial setup 2f£ *he network,

and values of <the initial condizions chosen for +he

simulation run.
- ROUTINE SELECT.NODES

This routine selects a node-pair by picking a random

number uniforaly distributzd £from 0.0 ¢to 1.0, and

comparing it with all the node-pair prcbabilities listz4
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in an accummulative fashisn, Ths node pairc
corresponiing to the probability =range wh2re “he random

U]

number falls, is selected. Xt +then assigns the numbe:r
correspondig ¢to the row of the matrix 'PAIRS' tha*
con*ains the node-pair selacted, +o tha variable 'LOW!
and returns this valus.

- ROUTINE TO PICK.BEST.LINK GIVEN NJ).DE, DE.ST
This routine selects the best outgoing link, giver the
node where +th= packat is (¥J.DE), and +the packet
destination (DE.ST). It £firsc fipds th=2 value of <he
routing fraction of each outgoing link of 'NO.DE' that
corresponds to the dastipa+ior a>d2 *'DE.ST'. Selection
is then done by picking a raadom number uniforaly
distributed from 0.0 to 1.0 and ma%tching it to the
values of the routing fractisns fourgd, listed in an
accummulative fashion. The routing fraction that
corresponis to the range whsre <+he aumber falls,
det2rmines the 1link to9 be used. Th2 name of the link
chosen is «returned as the value of the variable
*BST.PCK",

- ROUTINE TO SET. VIRTUAL .CIRCUIT GIVEN START.NODE AND
END.NODE YIELDING *Y' AND 'BE.LI"
This routine finds the Vvirtual Circuit for a message,
given its origin node (START.NODE) aad destination necde
(END. NODB) . To 4> +this it calls <he routine
'PICK.BEST.LINK' with the valuzs of 'START.NODE' aand
*END.NODE*, and sets 2 counter ts 1. When “h2 value of
'BST.PCK! is received back, it comparss the
termina+iosn-node of that link with 'END.NODE'. If ¢hey
do not coincide, it <calls *'PICK.BEST.LINK' again, but*
+his +time with +the name of the termination-node of
*BST.PCK' and 'END.NODE*. I+ than increases the counter
t0 2. The process is rapeated until tke termination node
of 'BST.PCK', and with *END.NJODE' are =he same. The
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;ﬁj number of links in tha Virtual Circuit is thern rezurnad

fi as the value of the variable *'Y', and ¢he name cf z<he

25 succesive links cn ths Virtual Zircuit, as the values of

{}‘ the array 'BE.LI'.

o - ROUTINE PERIOD.REPORT |
f? This routine calculates and pripts +*h2 sta<us and |

L statistical data of th2 network, collected by <he sysizm
during a perisd. Th=2 starting time of a pericd is *aken w
from the variable *LAST.PERIOD' (which is reset evzary
time this routina is executed), a3nd the =2nding time from

T e
LI )
-

‘e v
S e

» *TIME.V'. The  rautine ' RESTART.PERIOD.TOTALS',
. reinitializes all the totals and variablss used in each
- period, so status and statistical da*a collected during

;;j each period is independent of th2 rest.

i - ROUTINE COLLECT.PERIOD.DATA

i This routine calculatss and outputs some period data to

‘ds 'UNIT 9°, for furthar graphing and/or analysis. The

ﬁf . starting time of a p3ariod is taken from the variabie

. YLAST.PERIOD' (which is reset 2very *time this routine is

) © executed), and the ending tim2 from *'TIME.V'. The
ég ' routire 'RESTART.PERIOD.TOTALS', =reinitializes all the
iﬂ totals and variablss wused ia =2ach peciod, so data
: collected during each period is independernt of tha rest.

’ﬁ 'Unit 9' must be defined as one of the systsm units

§¥ (printer, tape, mass-storage, 3atc.), befcre the program

\‘5 can run.

o - ROUTINE RESTART.PERIOD.IJTALS

55 This routine reinitializes the totals and global

vgs variables used in a period, and sets the period star*irg

i{i time, eovery 'UP.TIME' seconds.

3 ) - EVENT NEW.MSG

iﬁj This event calls the rocutins 'SELECT.NODES' and usirng

o the value of 'LOW' returned by it, finds <he origin and
ﬁ; destination nodes for the messags from the correspcnding

@1
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row of the matrix *PAIRS?'. Onc2 this is dcne +he =zvent
t

picks a geome*rically distributed random nember,
following the procedure indicatzd in appandix A, and
uses it as the number of packers for tkis message.

If 'MO.DE = 1' has beesr selactad, the svert czlls
'PICK.BEST.LINK' (giving <+he source ard destination
nodes of the message), to find the best cutgecirg link
(from the source nod2) . It za2n £finds the rumber of
packets ia the Propagation Qusue (queue where packsts
are stored for a perivd =2qual t> *their transmission-time
ovar that 1link, t> simulacs that <hey are be2n
transmittad) and the Status (coaiitior that indica+es if
a packet is being trarnsmitted by :the 1ink) of this 1link,
and saves this informatiorn for further use. After doing
this, it generates ths packets indicated by ¢*XNUM.EKTS',
and for each one, it creates 2a reccrd wirh the name of
+he scurcz node and files it in ths 'TRIP.RECORD* of <he
packet. The evant then files th2 packs*s in ths queue
of the outgoing link s=lected.

If 'MO.DE = 2' has been selactzd, ‘ the evert calls
*SET.VIRTUAL.CIRCUIT' (giving th2 source and destination
nodes of the message), to £ind the Virtual Circuit for
tbe packets of the message. I* th2n uses the first link
of 'BE.LT', as the the best outgoing link (from *he
source node). The event then finds th2 number cf packets
in the Propagation Quaue and th2 Status o2f this 1link,
and saves this information for farther use. After this
it creates each of the packets indicated by 'NOMN.PKTS',
records %the rest of <their Virtual Circuit din <their
'TRIP.RECORD', and files tkem in +the queue of the link
selacted.

When the process is completed, for any 'MO.DE' selec:ed,
the event cecalis the valuss of the Status ard

Propagatis>n Queue size of *he link selected, 224 only if
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they ware both ze:o (whiéh meaas no pack2at is currently
beirg transmitt24 by it or 1link is idle), -<schedulzs an
event START. XMT for this link t> be exscutad "NOW". I+
is important to mention that 2avants scheduled to be
exescuted NOW, within an event, are execu:ed as soon as
the event returns corntrol to th2 timing routine, They
preceed events having the same 2vant-time (time a+« which
they must be axecutei), that asay have baen scheduled
before.

The svent NEW.MSG then picks a rardonm number
exponertially distributed as the nawv message
interarrival-time, and schedulss arother =vent NEW.MSG
at that time frcm now, if there is enougk time before
th2 end of the run. If thare is not enough time lef* it
doss not scheduled it. After +this th2 2vent returas
contrcl t5 the Timing Routine.

-. EVENT START.XMT GIVEN LI. NK

This event removes the first packat frca the gquau2 of
TLI.NK* and finds out its destipation node. If this
node coincides with the “armination-node 9f *LI.NK' i+
schedules an event 'ARRIVAL' <for this lirk, in
transmission-time seconds from now. If they do not
coincide, i+ schedules an event 'XMT.END' for tkis 1lirk,
in transmission-time sa2conds froa now. After scheduling
ore of these events, it files <the packet in the
Propagation Queue of 'LI.NK' aand returns contcol to the
Timing Routinsa.

- EVENT END.XMT GIVEN XMT.LINK

This event removes ths packet from the propagatior queue
of *IMNT.LINK"'. If 'MO.DE = 1' has be=n salected, it
checks if the terminatiorn-node >f *XUT.LINK*' is equal to
any of +ha records of the pack=t's 'TRIP.RECORD'. If so,
the packz: has 1looped, ani the event collscts
informatis>n about+t it, destrtoys the packs%t, and ceturns
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control t5> the “iming routine. If not, <the event calls
'PICK.BEST.LINK' with the terminatior-node of *XNT.LINK'
and the dsstization node of the packet to finé thsz new
best cutgoing link. It then finds the number of packets
in the Propagation Quaue and Status of +this link, ard
saves this information for <furthar use. After doing
this, it creates 2 record with <th2 name of th2
terminatisn-node of *XMT.LINK', and files it in the
YTRIP.RECORD' of the packet. Thz svent then files the
packet in the gJueue of the outgoing link sslected.

If '*MO.DE = 2' has bsz2n select3i, the =ven* reads th

w

n

next lirk of <+he packet's Virtual Circuit from it
'TRIP.RECORD?. I* then finds the number of packets in
the Propagation Queue and the Status cf this 1link, and
savas this information for further uss. After this, i+
£iles the packet in the queus of tha“ link.

When the process is completed for any 'MO.DE' selected,
except fecr tha cas2 when +he packet loopel in *MO.DE =
1* (in this case control has alraady besn returned to
the timing routirne, and no furthar action is taken by
the event), the event recalls ¢the values of <he S*tatus
and Propagation Queu2 size of th2 link selected, and
cnly if they ware both zero, which means no packet is
currently being transmitted by i+ (or 1lipk is 4idle),
schedules an event START.XMI for this ink <o be
execu=ed "NOW", Firally zhe svsnt returns ccntrol +o
the Timing Routine.

- EVENT ARRIVAL GIVEN ARR.LNK
This event reomoves ths first packs:t from the Propagation
Queue of *ARR.LNK', reccrds informaticn about it and
destroys the packet.
- BVENT NEW.ROUT.FRAC

This event was addad <to allow for the further wuse of
tkhis program, to investigate the bzhavior of the Routing
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Fractions in a dyramic routing schene. This can be
accomplished by inserting in *his =vent, or calling from
o it, a subroutine to recalculate the Routing Frac+iors.
To aid in ¢this recalculation of the Routing Fractions,

2
Lt

I3y
“s
.

:ﬁ this eveat collects irformation of jueue length,
Eﬁ utilization par period (vercentage of time the 1lirk is
. busy per period) , and utilizatis>a per lap (percantage of
- time the link is busy per lap), of every link.
E¥ The new subroutire car *hsa use tha information
.:E collected by this event, and anay of *he global variables
of the program like 'LNK.CAPAZITY' 2nd *'CONNECTED', to
;;f | find the new routing fractions. By sz=tting the value of
N the variable 'UP.TIME', the evant 'NEW.ROUT.FRAC' can be
u% execu*ed a+ any time during thz simulation run, when the
j. conditions in the ne“work requics it.
_1:3 - EVENT LAP.TOTALS.RESET
iﬁ This event reinitializes lap =otals of +*he simulation,
kY - evary 'LAP.TIME' seconis. The purpose of the lap <otals
N is to allow the simulation t> keep statistics of link
'Eh ) utilization for arbitrary pariods (laps) to be selected
,ﬂ by +he user by setting the valua of +the varciabla
l':‘;’ *LAP.TINE'. The ability to <calculate link utilization
;; per lap was added to allow its use by the event
;ﬁ '*NEW.KOUT.PRAC' whea the dynamic case is analized.
o - EVENT NET.REPORT
< This event calculates and priats status and statistical
s data of the simulation, wup to the time i* is perfeormed.
“ﬁ Since variablas ard *otals involv2d are rot reset during
Q; the =run, every time <+¢his avent is performed its
- calculations are done for the pariod from time zero up
— to the tize of executisn. This event is executed avery
y *REPT.TIME' saconds.
% - EVENT DATA.COLLECT ION
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This avent <calculatss and outpuis some simulation data
to 'UNIT 8' for furthsr graphing and/or analysis. Since
variables ard totals invclved ars not reset during the
Tun, every time this event is pscformed its calcula<ions
are done for the period from %tiae zero up to the +ime of
execution. 'Unit 8' @must be dafined as one of the
system units (printer, tape, mass-storag2a, 2tc.), before
the program can run.
- EVENT DESTRICTION
This event cancels all events that remain scheduled for
execution in the Timing Routira. So af+sr execu=ion of
this event, control of the progyram Tetu-ns to statement
following *START SIMULATION' in ths *MAIN' (or driver of
the program), and tha2 simulation can be ended.

E. SIMULATION OUTPUTS DESCRIPTION

The main purpose of any simulation is to provide a maans
+c observe anl measure different param2ters of interes:, of
a process that <rassmbles the actual bahavio- of a specific
systen. Thus an eovaluation of its performance and other
impor+ant charac+*sristics caa be cbtained, without %he need
for a phvsical implementation of the system. To accomplish
this, five molules of our program whare designed to collect,
calcula<e and output information about the simulatica run.
They ara:

-Roatine *PRINT.INIT.CONDITIONS!

-Routine !PERIOD. REPORT'

-Roatine YCOLLECT.PERIOD.DATA!

-Event 'NET.REPORT!

-Evant 'DATA.COLLECTION!
The following subsections describas the contents of ou*puts
gsnerated by these modules, and include a brisf explanazion
cf the names used in th2m (which 12aust be complemented by
information givean in orevisus sections cf this chapter).
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Ir addition t> these ad>duless, th2 program of Appendix F
vaé written to allowvw the graphing 2f da*a collacted by <he
evant 'DATA.COLLECTION' using the Disspla Graphics Software
package. Siailarly, the program of Appendix G allows
graphing of data collected by routines ‘COLLECT.PERIOD.DATAC.
A sampla cf some >f the plots thess programs can produce is
shown in Appendix D.

1. INITIAL REPORT

The routine 'PRINT, INITIAL.CONDITIONS' performs two
functions. PFirst, i+ prints a rspor:t of the n2twork sa2tup
and initial conditicns of the simalation (we will «call it
"Initial Repor:". Secongd, i+ outputs most of <¢his
inforsation to 'Unit 8' aad 'Unit 9*, for its further us2 in
the graphing and/or analysis of 3ata collect2d by Event
‘DATA.COLLECTION? and Routine 'COLLECT.PERIOD.DATAY,
raspectively. Units 8 and 9 can b2 any unit of the computer
system used, previously defined by the ussr.

The raport prin+teil by this rouzine is divided ir
four sectionms, which contain the f>llowing irformation:

a) A list of +he following wvariables <hat contrel the
simulatior indicating their valuss read by ths prograa:

NOMBER OF NODES
Number of nodes of the netwdrk, as indicated by the
input variable *N.NODE"'.

NUXBER OF LINKS
Number of links of the network, as indicated by the
input variable *N.LINK®,

DURATION OF SIMULATION
Time in seconds when the rua will s¢top, as indicated
by +the irnput variable 'TIME.LIMIT'.

REPORT GENERATION INTERVAL
Time interval betweon "NET.REPORT' even:s ia
seconis, as indicated by the iaput variable
'REPT.TIME'.
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b)

- ROUTING UPDATE INTERVAL
Time2 interval between *NEW.ROUT.FRAC' events in
seconis, as indicatad by the input wvariable
'UP.TINE'. This is a provision for the future use
of the program in the aralyisis of th2 dynamic case.
- DATA COLLECTION INTERVAL
Tim2 intarval between ‘'DATA.COLLECTION' events ina
saconis, as indicated by the irput wvariable
*COLL.INT*.
- LAP INTERVAL
Time interval between 'LAP.TOTALS.RESEI' events in
seccnds, as indicated by the input variable
*LAP.TIME'.
- PACKET LENGTH
Length of packets in bits, as indicated by the input
variable 'LENGTH.PKT'.
- AVG. MESSAGES PER SECOND FOR NETWORK
Averaje naumber 5f messzges-per-secord for the
network, as ipdicated by the input wvariable
*AVG.MPS.NET'.
- AVG. PACKETS PER MESSAGE FOR NETWORK
Average number of packets-per-message for the
network, as inlicated by the input wvariable
*AVG.PKTS.NSG".
- PRINT CONDITIONW
Print condition for the run, as indicated by the
input variable *PRNT',
- MODE SELECTED
Type 5f service t5 be provii2d by the network, as
indicated by the input variabls *MO.DE'.
A list of all the links in th? natwork including their
name, noda origin, node destination, and capaci*y (in
bits per second), as indicated by the input variables
‘CONNECTED', and 'LNK.CAPACITY'.
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c) A list of the Routiny Fractisas <that have non-zero
values, including *he nodes “¢ which they correspond, as
irdicated by the input variable *ROUT.FRAC'.

d) A list of <the node pairs that hav2 nor-zero probability
of being s2lected as origin and da2stination of a message,
as calculata2d by the program froa the values 2f£ the input
variabies *PR.ORIG', ard *PR.DESI'.

Data output by this routine to *Unit 8' o5f the systen

includes +he followirg:

- NUMBER OF NODES (same as Initial R2port).

- NUMBER OF LINKS (same as Initial R=zpor<).

- MODE SELECTED (same as Initial Reporre).

- PACKET LENGIH (same as Initial Ra2port).

- AVG. MESSAGES PER SECOND POR NETWORK (same as Ini=ial
Report).

- DURATION OP SIMULATION (same as Iaitial Report).

- ROUTING UPDATE INTERVAL (sams as Initial Repcrt).

- LAP INTERVAL (same as Initial Report).

- DATA COLLECTION INTERVAL (same as Icitial Repor+).

- AVG. PACKETS PER MESSAGE FOR NETWORK (same as Initial
Report).

Data output by this routine %o 'Unit 9' of the systen,
includes the same information indicated for 'Uait 8', except
for “DATA COLLECTION INTERVAL" which is not included.

2. PERIOD REPQRZI

The routine 'PERIOD.REPORI' c¢ollects status and
statistical information during a p2risd 5f <he simula+icn,
and prints i+ 3in a repor%t-like format (wve will call it
"period Report"). As mentioned b2forz, information of each
period 4is independant from the rss¢, since the <Toutine
'RESTART.PERIOD, TOTALS® r2initializ2s all ¢the variablas and
totals iavolwed. This report is divided ir the following
three sections:
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a)

b)

A list of all the links ir the rsetwork (including <heir .

origin and destina*ion nodes for 2ase of identification),

indicating their perisd u+ilization (proportion c¢f time

being inwvolved in transmission or “"busy"); the  mean,

maxinum value, and standard daviation of +their *“queuns

size" for the period; 2nd the prasent sizas of theis- gqueue

and propagation qusue.

A list of the status and s*atistics of the network, which

includes the following information:

~ AVERAGE LINK UTILIZATION
Averaje <calculatzd wusing th2 "lipk wutilization"
values of all lirnks, for th2 period. Its worth
noting that a valu2 of 'MAXIMUM LINK UPILIZATION' is
not iacluded as a periodical statistic, because for
any useful analysis +the traffic load us23 will cause
this quantity *to be 1.0 for most psariods, and
+herefore it losas its significance.

- AVERAGE QUEUE SIZE
Average calculated using th2 "mear qusue size" of
all links (in packats), for th2 period.

- MAXIMUM QUEUE SIZE
Is *h: largest value observeld, of ths "queue size"
of all links (in packsts), during the period.

- STD.DEV. OF QUEUZ SIZE
Is “h2 average value of <+h2 "standard deviatioa" of
+he “jueue siza™ o5f all links, for *he pericecd.

- NUMBER OF MESSAGES GENERATED (For the perizi).

- NUMBER OF PACKETS GENERATED (Por tha perisd).

-~ AVERAGE PACKETS PER MESSAGE (For the periogd).

- NUMBER OF PACKETS COMPLETED TRIP (During the period).

- NUMBER OF PACKETS THAT LOOPED (During the pericd).

- TOTAL NUMBER OF PACKETS STILL IN NETWORK (A% the end of
the period).
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o ¢) A list of statistics of the packsts that arrived “c their
;ﬁ destination during the periol which includes  the
. following iaformation:
- - AVG. LENSTH OF TRIP
Eﬁ ‘ Average of "tzip length" values of all packets *ha-
ﬁi arrivad ¢o5 their €inal destination during the

. periol, in "hops".
R - AVG. TOTAL TRIP TIME
2% Average of "trip time"™ valuas of all packets zha:
v arrived %t9 their final 3Jestinaticn during the
i periol, in seconds.
o - AVG. TIME SPENT IN QUEUE i
5} Average of "mean time spert in queu2" values of all |
o packets tha+t arrived to their final destination
oy duriny the period, in saconis.
;-; - AVG. TIME PER HOP
o3 Avarage of "mean time per hop" values d5f all packsats
b tha+t arrived <«o ctheir final destinatisn Jduring the
. perioi, in seconds.

3. PERIOD DATA

x The rcou*ine 'COLLECT.PERIJD.DATA' collects status
o and statisticzal informatior dJuriag a period cf <+he
5: simulation (we will call it "pPerisi Data"), and outpuss it
;k to 'UNIT 9', for i+s further graph and/or analysis. As in
=t +he cas3 of Pariod Repoce, information of each vperiod is
N independent from the rest. Data <collected and output by
,3 this routine corresponds t5 the following informa+iorn:
" - Tine of execution of th2 routin2 (or end of +«h2 periogd),

in seconis.
TOTAL NUMBER OF PACKETS
Report).
AVERAGE LINK UTILIZATION
AVERAGE QUEUE SIZE (Sams
MAXIMUM QUEJE SIZE (Same

STILL IN NEI'WORK (Same as Period
(Same as Pariod Rapore).

as Parisl R=2pocrt).

as Period Rapor*).
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AVG. LENGTH OF TRIP (Same as Period Report).

AVG. TOTAL TRIP TIME (S2me as Period Repor*).

AVG. TIME SPENT IN QUEUE (Same as P=riod R=2port).
NUMBER OF PACKETS THAT LJOPED (Sam2 as Period Repocr:).

4. NETWORK REPORT

The =event ' NET.REPORT', when oxecu+ed, collects
status and statistical information =z2bout the simulztion and
prints a repoct (we will call it "Nstwork Ra2port"), tha+
rzsembles the Pariod Report. Ths main diffsrence b2tuecen
this two reports is the +ime frame us2d tc compute +he data
used by them. While for Period R2port variables arnd totals
used are reset at the end 5f each period, for N=twork Report
they ara2 never rasst. In consecu2ance, <cach Network Report
ccntains information for the "period" from time zero (s*art
cf simula*icn), up to its 2xecution tims.

The Network Report is divided in thrse sections,
wvhich contain the following information:

a) A list of all the links in the network (including their
origin and destina*ion nodes for ease of identification),
indicating their u<ilization up t> now; th: m2an, amaximunm
value, and standard deviation of *heir "queue size" up *o
now; ard the present size of th2ir qu2ue and propagation
queu2.

b) A list of the status anl statistics of the natwork, which
includes tha £following information:

-~ AVERAGE LINK UOTILIZATION
Average <calculated using *h=z "link wutiliza%*ion"
values of all lizks, up %0 now,

- MAXIMUM LINK UTILIZATION
Largest value observed, o5f +the "Lirk Utiliza%ion"
for all links, up to now.

- AVERAGE QUEUE SIZE
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A list of sta<istics cf *he packsts that arcived to their
destination up *o now, which iacludes *he fcllowing
information:

-

Avaraje calculated wusing th2 "asan qu2ue size" of

all lirks (in pack=2ts), up t> novw,
MAXINMUM QUEUE SIZE
The largast value obssrved, of <the "qusus sizes" of
all links (in packats), up t5 now.
STD.DEV. OF QUEUE SIZE
The average value of the "“standard daviatior" of the
"gueu2 siza" of all links, up to nov.
NUMBER OF MESSAGES GENERATED (Up <o now).
NUMBER OF PACKETS GENERATED (Up %0 now).
AVERAGE PACKETS PER MESSAGE (Up tc now).
NUMBER OP PACKETS COMPLETED TRIP (Up to now).
NUMBER OF PACKETS THAT LOOPED (Up tc now).
TOTAL NUMBER OF PACKETS STILL IN NETWORK (Up to now).
AVERAGE PACKETS IN THE NETWORK (Up to now).

AVG. LENSTH OP TRIP
Average of "trip l2agth" valuss of all packe*s that
arrivad to <+heir €inal destination up *to rnow, in
"hops".

AVG., TOTAL TRIP TIME
Average of "trip time" values of all packets that
arrived *> +*heir final dest¢iaation up to now, in
seconis.

AVG. TIME SPENT IN QUEUE
Average of "mean time spent in queue" values of all
packets that arrived to <taeir final dJestiration up
o now, in seconds.

AVG. TIME PER HOP
Average of "mean time per hop" values of all packets
that arrived <o their final dsstipation up <9 now,
ir seczonds.
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5. NETWORK DATA

As in the case of the Natwork Report, *“hs event
'DATA.COLLECTION' when executed, collzacts status and
statistical informa*ticn of <“he simulation (we will call it
"Ne+work Data"), £for the "period" f£from <ime zero (stact of
simulation), up to its exscution tim=a., It then outpuis this
data +o 'UNIT 8, for its further graphing and/or arnalysis.
Data collected and outpu* by this routine co-zessponds to the
following information:

- Time of exezution of the event, in s=2conds.

- TOTAL NUMBER OF PACKETS STILL 1IN NETWORK (Sam2 as Na*work
Report) .

- AVERAGE LINK UTILIZATION (Same as Network Report).

- AVERAGE QUEUE SIZE (Sam2 as Na2twork RepocTt).

- MAXIMUM QUEUE SIZE (Same as Ne+twork Report).

- AVG. LENGTH OF TRIP (Sam2 as Netwdrk Beport).

- AVG. TOTAL TRIP TIME (Same as Netwd>rTk Report).

- AVG. TIME SPENT IN QUEUE (Sam2 as Network Report).

- NUMBER OF PACKETS THAT LOOPED (Saan2 as Network Regpor:).

- MAXIMUM LINK UTILIZATION (Same a3 Nezwork Repoct).

- AVERAGE PACKETS IN THE NETWORK (Sam2 as Network Report).
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A. CONCLUSIONS

The simulation was run at diffsrant traffic loads, which
allowed us *o determine tha maximum load that the
routing-fraction protocol cculd handle with this ne+twork
configuraticn before saturating (w2 will call it satura-ion
1oad). As shown ir Figure D.1 of Apperdix D, for the
uniformly distributed traffic case with all 1link capacities
s2t *o 20,000 bits-per-s=cond, saturacion load was fournd o
be 440 packets-per-sacond into the n2+work. This lcad was
then generated using different leg-ees 5f traffic
granularity, i.e., differcza* combinations of

messages-p2r-second and packets-psr-massage (both fcr- <tha

natvork).
As shown in Table I, for =«hs differ=2at degrees of
traffic granalarity tzsted (for the saturation 10ad
a

ratio
maintained at the same level) +the cunning average of packets
in *he network, to%*al timz delay 3f packets 2hat completed
trip, averag2 time spen* in qusue >f packets that ccmple<ed
trip, and average qu2u2 size, whare found to incresase
propor+ionally with the number of packets-per-massage.

The wmaximum link wutilizatioa for tha aetwork was
observed +c decrease by a very small amount as we increased
the number of packets-per-message. This reduction in link
utilization is caused by the time factor that is included in
its calculatis’san (link utilization «r=aspraseats the proporzion
of time a link 1is involved in t-ansmisicn Sf packsts or
“busy"), and the lower avarage number of messages rec2ived
by «+he nodes for the same pericd. As we increase the number

of packets-per-message while keepiag <he same saturation
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TABLE I
GRANULARITY COMPARISON

ROUTING FRACTIONS

/s 22) ms sec 110 msg/sec
n g 2 pk gﬁsg 4 pktgmsg

. RUNNING AVERAGE
' KTS IN 116.17 252.04 468.06
NETHORK
(in pkts)
TOTAL TIME
DELAY PKTS 0.260 0.562 1.056
COMPLETING TRIP
{(in secs)
AVERAGE TIME
IN QUEUE PKTS 0.164 J. 466 0.962
COHSLBTING TRIP
(in secs)
AVERAGE QUEUE
SIZ®

. . 1.22 3.48 7.99
{in pkts)

level, vwe r=luce the numbar of messagas-per-secsnd into the
natvwork. Thsse changss will increase the me ssage
intararrival-time which is exponsntially distributed with
mean: ( 1 / messages-per-second ). In addition for the same
period, <fewer nodes will Ceceive 12w m2assages. The final
effect is that on the average, <thar2 will be an increase in
the time queunes will be empty waiting for a new packet to
acrive, ard maximum link utilization will be slightly lower.

The runniag average number of packets in the neiwork at
the satura=ion level, for th2 differen* degress of
graaularity, was found to b2 aproximatelly -egqual %o *he
theoretical value given by Little's formula [Ref. 29], which

NI

states tha*:

DRt s N
DOREH
A

E(N) = E(T) x L

"
P,

N

whare:
E(N): Average value of packe*s ia the netwecrk.
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E(T)
‘L ¢ Average packets per secornd entering +he ne<+work.

Avarage value of time delay.

This resul*ts confirm that the prots>:ol behavzas correctly for
different traffic situations and conforms with the
theoretical values =2xpected.

A series of tests where pesr-foraed using unbalanced
+“raffic generation pattarrs, to inves<igats pro+tocol
performance under these conditions. Th2 results cf courss
showed that for unbalanced +raffic situations performarnce
degraded, du2 to the usz of routing £fractions which where
calculated for a different (uniforaly distributed) =raffic
load.

For the static routing case, thsn, an estimztion of the
traffic distribution is of primary impcrtancs if <routing
fractiorns are to be used, sinc=2 *h2 procedur2 usad for their
calculation will render a set of routing fractioas which are
optimal cnly for that +traffic distribution. This result
allows us +to an+icipate that for th: dyramic <case (whsre i
racalculaticn of the routing fractions to be used by the
protocol will bpe done when ‘variations ir traffic
characteristics or topology in *he network warrant i+¢), the
pzo=ocol should render as good r2sults as for the static
case, ince this racalculation procedure will aaintain th

(1]

routing fractions suited <for existing conditions in the
network. The main considaration will then be to determine
when this rcuting fraction recalculation should be Jone.

A ninimum number of hops (miaimum-hops), single-bath,
s«atic routiny protocol was also calculatad, as indicated in
Appendix C. Simulatiocn runs where performed for the
minimum-hops and routing-fraction protocols under the same
conditions to determine th2ir relative performance. Rasults
showed that the maximum 15ad +¢hat the minimum-hops protocol
could handle before satura<tior was 335 packets-per-second
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i i into the network (see Pigure D.2 of Appendix D). This load
3? _ is 23% lower than the one found £or the routing-fraction
(‘ protocol.
{3 As shown in Table II and Figucas D.3 <o D.6 of Appendix
j}; - D, performance of the routing-fraction protocol for the 335
’iﬁ packets-per-second load was fcund t> be significantly better
. than the performance of the minimum-hops protocol with the
S same traffic load.

s

3

- TABLE II
o PERPORMANCE COHNPARISON

<S

T ROUTING MINIMOYN

5 33%RACT;ON 33SHOPS/

msg/s23 msg/sec

- 1 pktgmsg 1 pkt/gsg
4

vy RONNIN; AVERAGE

“ PKTS IN 50.31 102.34

- NETWORK
b (ir pkts)

TOTAL TIME

= DELAY BKIS 0.1u48 0.301

" COMPLETING TRIP

<) (in secs)

o AVERAGE TIME

A IN QUEJE PKTIS 0.052 0.2M1
N COMPLETING TRTIP

(irn secs)

N AVERAGE QUEUE

8 SIZE 0.297 1.198

% (in pkts)

o

N,

5§ From the different status ani statistical informazion
q? gathered by ¢the events and rcoutines of the simulaticn
;ﬁ p-ogram, <*he "Running Averaga2 of Packats in *the Network",
I "Average Total Trip Time", "averags Time in Queue", and

i
R A

"Average Queue Size", where fouad 0 qgive +he Dbes:
indication of the way the pro*tocol haadled the =raffic

5??}?

@
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durirg <+he simulation, and thersfore were prefered as
perfcrmance m2asures and for comparison Dbetweza protoccils.
In a similar way "Maxiaam Link Ocilization®™ and "Tozal
Nuaber of Packets Still in the Network", gavas us a bst+er
indication of the maximua traffic 15ads the -outing protocol
could handle.In addition "Number of Packets that Complezed

. Trip" when compared with "Number of Packsats Generated®
indicated the protoccl's throughput pe-formance.

Throughsut our research the us2 >f the graphing programs
of Appendix F and Appendix G prov2i to be ex:remely us=2ful
since they provided an excellen* means of visualizing and
comparing large amounts of information. A sample outpu* of
some of the plots thess programs can prcduc2 is shown in
App=2ndix D.

A comparison wvas done betw2ar the virtual circuit
service and datagram service configurations. Pc- this
comparison we used the successive saturation set of -outing
fracticas, uniformly distributed traffic and link capacities
set to 20,000 bits-per-second. Results showed that there is
no sigrnificart difference betwa2szn thz two. This similarity
is explaired by the fact that th2 routing fractiorns used
remain fixed throughout the simulation rua and thus no
difference is introduced by selectinag <+“he complete routa of
the message at the time it is gznerated.

All the tests mentioned previously where done using a
set of routing fractions gererated by the Successive
Saturation method. As indicat2d4d in Chapter III Sec*ion B,
arother way of calculat*ing routing fractions is the Maximum
Slack method. In ordsr +to datarmine “heir relative
parforaance, several simulation tasts where performed using

i routing fractions calculated by the Successive Saturation
method, and then repeated under the same conditions using
rou~ing fractions calculated by the Maxiaum Slack method.
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Resulis showed that £for a netwdork with excess carrying
capaci*y, i.e., traffic load auch lower than the saturzazion
1ad, the Maximum Slack sat of routing fractions pec-formed
equally to the Successive Saturation set. For the case of
traffic 1load near +*the saturation 1»oad, *he Succassive
Saturation set performed better, and even gave a higher
level of saturation load. This diffsrance ia performance is
explained by the fact that when calculating the routing
fractions using the Maximum Slack aethod, w2 maximiza2 <he
sum of the slack saturation-vatio >f all links, which +*snds
to saturate more the 1links wi:th highsr «capacity. In
contrast, ir the Successive Saturation method we tand %o
distribute saturation mors uriformly amorng the links.

The maximam-slack routing fractioas will thesreforz tend
to use the excess capacity of +hs nstwork, when thera is
scme, and its performance then approaches that of *the
successive-saturation set. When th2re is no excass capacity
in the network (near ths saturation 1load), ¢the routing
fractions <calculated by th2 successive-saturatiorn method
make better use of the available capacity, by spreading the
traffic more uniformly over the anatwodrk, 2233 thus have a
bet+er performancs.

Comparison was also made betwssn the maximum <slack se:
of routing fractions and <+he miniaum-hops protocol. The
saturation load of maximum-slack routing fractions was 420
packets-per-second, while for miniaum-hops protocol it was
335 packets-per-second, which is 19X lower +han +he former.
As shown in Table III, for the 335 packets-per-second load
ve found that ¢the paximum slack s2t of routing fractioms
also rendered a much better parformance +han the
ainimum-hops protocol.

Froa thase results W2 may conclude that the
routing-fraction protocol 4is a much better alternative for
static -outingy applicatioas than th2 aminimum-hnps, single
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0 PERFORNANCE COMPARISON
¢,
MAXIMUM MINIMOM
" SLACK HOPS
- 335 msg/sac 335 msg/sec
X% 1 pkt/asg 1 pk=/msg
. RUNNIN3 AVERAGE
~ PKTS IN 49.77 102.34
ot ngwonx
i (iz pkts)
V¢ TOTAL TIME
e CO!gLE’I‘ING TRIP
(irn secs)
7 AVERAGE TIME
o IN QUFUE PKTS 0.052 0.211
,‘;.'c. COMPLETING TRIP
Soue (in sacs)
4
LA AVERAGE QUEUE
W SIZE 0.297 1.198
-_‘,ﬁ_’ (in pkts)
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path routing protocol. In aidision, the successive
:ﬁhi saturation method should always b2 used whea working with
':}q traffic loads that are clese *o ths saturation load, and the
e
P maximum slack method should only be used when there is

&

enough excess capacity in the n2twork (compared +o the

,;ﬁi satuzation lozd), or wher simplicity in the calculation is
: w required.

' B. RECOMNENDATIONS FOR PUTURE STUDY

fig The present study was done k22piag in mind the futura
f%\ use of some >f i+ts contents for tha investiga*ion of the
—~ ) performance of routing fractiors in a dynaaic routing
2{3 application. Additicns have been mad2, when possible, of
?ﬁ: mechanisms that will facilitate this future work.

‘“}' ' Furthermore, provisions have been ma2de in +he simulation
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progranm, to allow for the insertion of 2a subprogram <+o

recalculate the values cf tha routiag fractions.

For the analysis of <the static cass2, status and
statistical information was ob+ainz2d mainly from &vents
'NET.REPORT' and 'DATA.COLLECTION', which use a time basis
f-om the start of the simulation up to event exscution %ime
("total-time"m). In con“rast data from routines
'PERIOD.REPORI' and 'COLLECT.PERIOD.DATA', waich use a time
basis from *ths s*art of psriod *o ta= end of *hs same period
("period-timen), vas used mos-ly fer wvalidation of
total-time data. Neverthalasss we have desigred the la*ter
with similar capabilities for gathering sta*us and
sta*istical informa*ion absu+ *he simulation as th2 formsr.
This is because we expect t hs periol-+ime data to become cthe
preferad scurce of informa+tion £>r the analysis of the
dynamic cas2, given *he periodical nature of its process.
We <can also anticipate that th2 jueu2 size ani 1link
tilizaticn mepasurements will play ar impecrtant rol in *he
decisicon cf when *o recalculate the values of <the routing
fractions, sinc¢e their values dirsctly reflect wher a link
is being saturated.

The built-in capability of tha simulation program <o
configure the network <to provide Virtual Circuit service
should also becom2 an impo>rtant subject of investigation for
*he dynamic case. This aspect b2som3ss mora evident if we
recognize <hat for this case rou+ting fractions will change
their values.from time to time, and thus mixtures of virtual
circuits created using dif€ferant sats of routing fractions
will exist simulrarnecusly in <he n2twork, *“he interac*ioms
among which should be studied.
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ARPENDIX )
GENERATION OF GEOMETRICALLY DISTRIBUTED NUMBER OF PACKETS

The Geomatric distribution is clos2ly rtela<ted to <*he

- Binomial distributicn. The variapnlz in the Geometric
jﬁ distribution is the number of %rials precedirng the €first
~{7 success, in 1 saquence of indepealint BinomIal trials with

probability »>f occurence egual *> *“p", Its probability
density function (PDP) is:

Ei x-1

A p (1 - p) for x =1, 2, 3,ee.

¥ £(x) = '
.:i 0 otherwiss

s

ﬁi The mean of the Gecmetriz distribution is (1/p) and the
-Ef variance (1-p)/p2. A Geomotrically dis<cibuted random
: number can be generated dirsctly from 2 standard
f; uriformly-distributed numbar, by mappiag it <o “he Geometric
N camnulative dis*ribution fuanction (CDPF). The CDF of <he
’; Geometric distribution is:

e 1 - (-p for x = 1, 2, 3,...

o P(x) =

g 0 for x < 1

. Let "y" be a number uniformly distributed between 0.0 ard
E-:j 1.0, then:

2 y= 1= (-p)

7181

%

4
1-y= (1-p)
In(1-y) x 1o (1-p)
lo(1-y) / iIn(1-p)
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Sincé vy is uniformly distribu<ed <£rom 0.0 *o 1.0, than
(1-y) will also be uniformly distributed frem 0.0 <o 1.0,
therafore:

. x = 1an(y) /7 1lc(t-p

W
. or equal +o it (since th2 Gsomexric is a discrete

1)

must then round "x" o the cleosast integer that is higher
T

distribution), <o get the value of th2 randoa number we are
lcoking for.

To destermin2 the number of pickats fo- =zach message
generated during the simulatior run, we £follow this
pcocedure, and assign *th2 value 3f the auabsr obtairn=d %o
+ha variable 'NUM.PKTS'. This variabls is <hen used by the
pcogram, to zontrol the number of packets generated for the
messaga.
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ARPENDIX C
4

HININUM NUMBER OF HOPS SINGLE PATH ROUTING TABLE

Tc calculat2 the values of 2a minimum pumber of hops
(minimum-hops) single path routing table for the network of
our study (se2 Pigure 4.1 of Chaptsr 1IV), wheze all lirks
have equal weight, we us2d the netwdrks symms=<ry +o simplify
the procedure, We therefore diviisd <h2 process into <he
fcllowiag 4 steps:

1) Pird the sink-tree (sst of rcutss for packs:s from all
nodes t5> the node selected) for one of the ncdes
loca*ed at *he external vertices of *+he network. The
resultingy sink-tree shown in Pigure C.1, can then be
transforaed into a sink-tree for +he rest of the nodes
located a+ external vartices >f *h2 rnetwork, by simply

rotating i*.

- 2) Repeat the procedurs m2rntioned bafore but this time for
nodes locata2d at internal vertices of the netwerk. The
resulting sink-%4ree is shown ia Figure C.2.

3) Pind the sink-tree for the node locatz2d at the center of

+he petwork. The resulting tre2 3is shcwn 1in Figure
C.3'
4) Using the foregoing sink-trcaes consiruct the

corresponding routing table. Ths <resultiag table is
showr ia Table IV . The laft column indicates the
sending node, the upper row indicates “he destinatiorn
- roda, and the contents of th2 tabls indicates +he node

via which traffic has to be sant.
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Pigure C.1 SINK-TREE FOR BEXTERNAL VERTICES. ‘
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FPigure C.2 SINK-TREE FPOR INTERNAL VERTICES.
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Pigure C.3 SINK-TREE FOR CENTRAL RODE.
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ARPENDI

D

X
GRAPHIC REPRESENTATION OF DATA COLLECTED DURING SIMULATION

The following plcts where obtained using <+he graphking
programs of Appendixes E and F. Dus to space constraiats
only the most important data is showa plotted.

FPigure D.1 shows +*h2 number »>f packets <still im *he
retwork for 440 packets-par-s=cond (saturation 1load), ard
460 packets-per~sacond (highe- than satucation load) for <he
routing-fraction protocol.

Pigure ©D.2 shows th2 number »>5f packets still ia the
network for 335 packets-par-secornl (satucatioa load), arnd
350 packe+s-par~-second (higher than saturation lcad) for thz
minimum number of hops (minimum-hops) protocol.

Figures D.3 to D.6 ra2presant a graphic ccmparisorn of
data collacted during simulation of the -outiag-iraction and
minimum-hops protocols, for the 335 packats-per-second load.
Th2 upper plot of each figure corrasponds to da+ta from the
routing-fraction protocsl, and th2 lowar pler to da*a from
th2 minimum-ho>ps protocol.
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PACKETS STILL IN NETWORX

CONDITIONS CF SIMULATION

NUMBER OF NGDES : 13

NUMBER OF LIMXS : 80

AVG MESSRGES PER SEC: 440.00
AVE PACKETS PER MSG.: 1.00
PACKET LENGTH : 1000 BITS
SERVICE s DATRGRAM

DURATION OF RUN: 170,00SECS
l‘ Ala UPDATE INTERVRL : 20.005ECS

» N LAP INTERVAL : lp.mSECS
A0 T I, J

210.0 20.0 270.0 WA

NUMBER OF PACKETS
120.0 150.0 100.0

0.0 3.0 ®.0 .0

00 1o .0 $1.8 6.0 162.0 11,0 18¥.0 1830 N0

.o
TIME (SECS)

PACKETS STILL 1N NETWORX

i CONDITIONS OF SIMULATION
e
] #7 M¥BER OF NODES : 13
e n / NUMBER OF LINKS ¢ 60
2 ’\/ 7] AvG MESSAGES PER SEC: 460.00
s ~ A L A AVG PRCKETS PER SG.t 1.0
: - v/ PRCKET LENGTH 1 1000 BITS
E; } SERVICE @ OATAGRAN
g;‘ / DURATICN OF RUNt 170.00SECS
S o8 UPDATE INTERVAL @ 20.00SECS
XN ° /’4\ / LAP INTERVAL : 10.00SECS
N gté
) - -
e - ‘/
~ . d
», . ’ A
| e
s
«
8
e
@ .
6.0 7.0 e $1.0 6.0 e U0 WO 1830 M0

“.o
TIME 1SECS)

Pigure D.1 PKTS STILL IN NETWORK FOR ROUTING~-FRACTION PROTOCOL.
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PACXETS STILL IN NETWCRX

CONDITIONS OF SINULATION

NUMBER OF NQDES : I3

NUMBER OF LINKS : 60

AYG MESSAGES PER SEC: 335.00
VG PACKETS PER nSG.:  1.00
PACKET LENGTH s 1000 B817S
SCRVICE : ORTAGRAM

OURATION OF RUN: 170.00SECS
UPDATE INTERVAL : 20.00SECS
LAP [NTERVAL s 10.00SECS

NUMBER OF PACKETS

1200 160.0 200.0 2¢0.0 200.0 30.0 0.6 4.0

R 1
N
: ~d VA N ™
¢
E
° 0.0 7.0 Mo S$1.0 600 8.0 20 1.0 1N.0 193.0 1700
TINE (SECS)
PACKETS STILL IN NETHORK
$ CONDITIONS OF SIMULATION
) i NUMBER OF NQDES * 13
o . NUMBER OF LINKS ¢ 60
A 7 AVG MESSAGES PER SEC: 350.C0
- 4 \ [NﬂJ AVG PACKETS PER MSG.:  1.00
K /./ \\rav PACKET LENGTH : 1000 BITS
t';§ SERVICE : DATAGRAN
g* f vV OURATION OF RUN: 170.00SECS
wi 218AN UPDATE INTERVAL : 20.00SECS
- \/ LRP INTERVAL ¢ 10.00SECS
i
i
>, -
::". v e.
SNy -
P ) 30 7.0 .o $1.0 89 N0 1020 8.0 N0 1533 70
St TINE (SECS!
::::.'::4 )
b_".:_':.: Figure D.2 PKTS. STILL IN NETWORK FOR MINIMUM-HOPS PROTOCOL.
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(Lo
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7 i CONGITIONS OF SIMALATION
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N « MPBER OF LINKS : 60

.'_\ « 8 AVG MESSAGES PER SEC: 335.00
o - Ve PACKETS PER MSG.: 1.00

N s ] PRCKET LENGTH : 1000 8ITS
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y : = DURATION OF RUN: 170.00SECS
oy 33 UPDATE INTERVAL : 20.00SECS
W - LAP INTERVAL t  10.00SECS
A -

}:f g. /‘

;.‘-;. ] ; M /A A \ \
, S IVVIT JANVAAVAN
Sl b vV

Ly s

3 e
-\'\' 0.8 ”e n.e 1.0 [ R ] =0 12,0 118.3 130 11533.0 M0

) TInE (SECS)

Y

';-:'.'. i
23_-1 PRCKETS STILL IN NETHORX |
- -

i CONDITIONS OF SIMULATION

%

o . -
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N ! VG MESSAGES PER SEC: 335.00
X 3 = A VG PACKETS PER MSG.: 1.00
" - '\ j \ PAOKET LENGTM 1 1000 BITS

) bs A SERVICE : DATAGRAM
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Pigure D.3 COMPARISON OF PACKETS STILL IN THE NETWORK.
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FOR THE NCTHORX

i COMOITIONS OF SIMULATION

g NUMBER OF NODES ¢ 13

2 WMBER OF LIMNKS @ 60

h AVG HESSAGES PER SEC: 135.00

g VG PACKETS PER MSG.: 1.00

d PACXET LENETY : 1000 BITS

1IN . o+ ealaanad SERVICE : DATRGRAN

© OURATION OF RUN: 170.00SECS
%!, UPDATE INTERVAL : 20.00SECS
5; LAP INTERVAL ©  10.00SCCS
=©
g

L J

g

L J

8

<

g

L ]

0.0 ] .0 1.0 .0 n.9 12.0 150 1380 183.0 N8
TINE (SECS)
T~ INK-USAGE
FOR THE NETWORX

] CONGITIONS OF SIMULATION

5 NUMEER OF NODES 1 13

8 NUMBER OF LINKS & 60

oy g — b AVG MCSSAGES PER SECT 335.00

£ AVG PACKETS PER MSG.: 1.00

¢ PACKET LENGTH & 1000 BITS

[ SERVICE : ORTRGRAN
!° DURRTION OF RUN: 170,00 SECS
:'.E UPDATE INTERVAL : 20.005ECS
5q LAP INTERVAL 1 10.00SECS
E‘

B

L 2
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i
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0.8 K] H.0 1.0 w.0 5.0 192.0 uoa 189 1830 e
TIME 1SECS)
Pigure D.4 COMPARISON OF BAXIMUM LINK USAGE FOR THE NETWORK.
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AVERAGE QUEUE LENGTH FOR NETWORK

CONDITIONS OF SIMULATION

2.0

NUMBER OF NODES : 13

. MUMBER OF LINKS ¢ 60

AVG MESSAGES PCR SEC: 335.00
AVG PACKETS PER NSG.:  1.00
PACKET LEMGTH s 1000 BITS
SERVICE @ ORTAGRAN '
DURRTION OF RUN1 170.00SECS
UPOATE INTERVAL 1 20.00SECS
LAP INTERVAL ¢ 10.00SECS

1.4

1.2

AVERRGE OUELE :.?BN!PMCTS)

0.4

.0 o.2

00 70 M0 5.0 6.0 B0 1620 1150 1IN0 8.0 1700
TINE (SECS)

AVERNGE OUELE LENGTH FOR NETMORX

2.0

CONOITIONS OF SIMUATION !

(£ ]

MMBER OF NOOCS : 13

: NUMBER OF LINKS : 60

AVG MESSAGES PER SEC: 335.00
AVG PACKETS PER MSG.:  1.00
PACKET LENGTH : 1000 8ITS
SERVICE : ORTAGRARM

DURATION OF RUN: 170.00SECS
UPDATE INTERVAL @ 20.00SECS
LAP INTERVAL : !0.00SECS

1.4

)
|

e.0

AWERRGE QUELE LENGTHLPACKETS
{
\

[ X ]

00 18 N0 N9 %0 1020 8.0 MO0 10 1.0

.0
TINE (SECS!

Pigure D.5 COMPARISON OF AVERAGE QUEUE LENGTH FOR THE NETWORK.
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AVERAGE DELAY FOR COMPLETED-TRIP PRCXETS

CONDITIONS OF SIMULATION

NUMBER OF NODES : I3

NUMBER OF LINKS ¢ 60

AVG NESSAGES PER SEC: 335.00
AVG PACKETS PER MSG.:  1.0C
PACKET LENGTH : LOOC BITS
SERVICE s DATAGRMNY

DURATION OF RUN: 170.00SECS
UPDATE INTERVAL : 20.00SECS
LAP INTERVAL : 10.00SECS

- AVERAGE DELRY (SECS)
0.0 0.4 010 013 020 O 0.0 03 6# 0% 6%

®0 10 IRE U0 INO IND 1D
TIME (SECS)

AVORNGE DELAY FOR COMPLETED-TRIP PACKETS

CONOITIONS OF SIMULATION

NUMBER OF NODES ¢ 13

NRMBER OF LINKS 1 60

AVG MESSAGES PER SEC: 335.00
AVG PACKETS PER 156.: |.00
PACKET LENGTH 1 1000 BITS

Idi SERVICE : DRTAGRAN

OURATION OF RUN: 170.00SECS
UPDATE INTERVAL : 20.00SETS
/ LAP INTERVAL @« 10.00SECS

™

8.0 18 NEe O B0 120 1180 I1MO N0 0.0

X
TIME (SECS!

Pigure D.6 COMPARISON O7 AVG. DELAY FOR COMPLETING TRIP PKTS.
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APPENDIX E
SIMULATION PROGRAM
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APPENDIX G

BROGRAM TO GRAPH PERIODICAL STATISTICS OF THE SIMULATION RUN
oy
L [7, ] » [ Y -
B B Q, .
% OO0 % * o - - l
o ] ® W -~ - 1] - -
» oA *» X o L] - Q
L ] *® -y ™ - < e o
N » - 3] - -~ -
- - $ 53 - & - < -
n Z«g » b < > ] - > -
1> 3§ ¢3¢ 3 = 3
-
1.3 § 838 ¢ 2 2
® = ) - s ey - o
» (L. ] k e =ma o b o b - -
» =0 k) ¥ M - — g [,
®» DX b ] Mng - - - -ty {1
% Qo % o w ) X - Wi P4
: oy : a w ] J; -4 33 »
Sl L -
» e W ~a.XO = x 2 -t
: i : N g - j
- ¢ Ouw - - o
%™ QDX » Q OoxX b 4 Lo -ty Q b
» WO B VX afNew = a -~y N = 7.}
B N | D> Qwhs [ Ll -yiid —
» B & ogNG X (L.} -, «x uw -t}
gl n WO WA, P ) ~NOQ ] & OF=
< < B N o e - o ] Ol
[ st *» Pomes - -ld 9 r4 A
< 2= % oXW=OQlhad 8] =y [ o) e
(=~ - ] % = =IO > . e - e - LO
D % Yol wX o of D= - o -l - Ha.0
3 .54 § fwo-wee =523 2 A
- -t
w de 3 % QO% ' Y- 4 -l VI [ d -t o
€ I« B JE N W - W =X 0 n oy O
W =N B ““SW (7, ) ~ g e W el e -~
Q qdJ B o ¥ Np=et Qi & [T AL ~ Z
WO W o & 2z Ll Lo x ™ - 0.0 s Q
S -l oL : §M:¥~=W — X T e (=) 3 w :5- 2 =
o - Wel ¢4 -d [ W'Y - o - a
[- S -ﬁg B i a-iu - ey -y OF <O ) o - od
» oon - 7] Rl A Pwdd » X
*» %5 * .:mo&~. w Qe XTa O -~ - Q. 2
% O R V) eAMXWN > Q —ttow Sy Z = |, «OWR = - -y
» Oad | WNEwk~ V) o W wat o = N QO o xXTOI ~U
- » Qe W Z - Xhmet = =t g S NL=
» *® o «E «Q0Q x — ey f - b o Lrtetpnlae O ~trieill,
| AV = - e T Y ] -tk e Mepe O (Y ™ Wewweesw wie =y
% Whw W —-ONZ Q06 Z = O00;a JO~XDAKO) ww
% IO | e an MZ <0 WYY ot | <Nt Qe QE QU -t (MU U
» I N LUAZwOm Wt o (bt ih L) OUE INCTEZOUL>ESOZ
% XOW = TOJIA = Xk = g ¥ *Q = Y0 MUY UIDVL UL CLR SRR )
W Lo X W QO =2 VL ZOUW =N wODJIUCD TEIZZUELLCIAC
m % e R WeJNTENOAL o) —Q. wlwd TZ0r02JA<XX>»>TOAE IO
» ah » O 2 QOw Fuw PdDCO ghm 4 « "y
*® 29 % Ud W =ZQ < =t AP e d e ad ol e e i o A D
*» > SW = QW - 4 (== TV o < L LhL L L LT
% W * = Q € = Z=) Ot th 8 VWL  VUWLVLVLLOVIVV
®x N D W » QD #Z » Q *» T # o o
™\ ey L] < - < "y -l Q Q
% LTI~ W% w [- 4 W - 4 o< -l (=1
B P W (- 4 a of a - % <
WOV OUIQW (S ] [S (S ) Q (S ] (S ] (8] (&)
129

- LAY Q~“~Q \- -.\! \q\-..'- \~.\v LA TR
2 3 N w - L]

o

RO

v .

B P S T P
.'f..- . !(.‘.'L\.i‘ I’ﬂ: Cal

L3 Y
-

o
*ata




- = -
- e un
[ g [3
e Yo } (1)
-y - -y
o3 -~ =~ Ja N < 3% -
e QO W Lo ~N ] ee o
[0 .. ] o © o Q -y d [. X} .
[ g ~ O -0 - - - o =
(.1 . . = D=t (=4 o p.1--) -
0™ = NN ) [ - o Q ¢ oam o Iy
NNO O o @ Lo O (Te} - rq NNQ Y o
vijend © e N N =~ a® e [ - L] redo=d @ e N
eu® M o - O [ ad ) L o - - - ol M ~
OO e & o a o Ore » - (= -» -» QO e o o
ocu: w o O 9 QI " ;' - X u 33«2 u: g
onfod ° - [ ° e
cev 8 3 R We 4 L B - ooy N~
oem 4 & © ¢ mma tded vad "y 2 = N eom ~N o
A e o o o N oAV & ™ e =9 mmm = ?. 2“- - ®
. ggonn-oo-oz *=oQ wN o | W i 0 Q O @
(=] * DNCAQ O wed i) 2 OXerd QI o
et 4 0 0 O M aLrd DrtmD e D~ OZ e et = e
b= o o Q <CNID o=@ e OO O & ‘- ={ * =
<Cla o O ¢ ~ o oLive ® Lo = <Q Q ol o = O
wd | W B WeeDm om o= A= #De mMeae Q, W o |~ AN B yie=
S - wmie o o e o Ly e e e & DL - po- | - aNe
- Ll e woe (eTiedi=ie aQ> t@0e *Lo o fme us -ili(de = T %o oo
e D D DIO0= b =-—AD 9 QUL NO "~y = =t
N LM e DX 0.3 8 < OgCxX X ¢ N | NIDVJWA
waoaxdoawg <<-109D Lo NeeOL N 4] - woxoa <
{2 ade leoeeo oLl g o g~ D (e > Jow I vt bl OC=Zaq -
Q oo V) o ohs & oe ) |we e [ t o GRed - (=) - g V) =
-J sije Ve Do OWVWNINLLD = . ® b4 AY = o < 2 ol slje
AR (72 ] o Opei=inZied WUWONOILIODMOW T Lol Lo 11 (=] - Qv e o
e = u.v-u.r-<=m:m:~--:t (OZ- OaADO ™ Vg Z > N =T hi=b=<gD
Pl Q o:oamazm..s ® it O lb) O ef -l wdO O - =0 03030’&
P - L (&1 4 4- WddQ o & § =g | =ML =l @ - Ko oV
,_, ¢ =} LW <..z- AU jdNe W) ¢e Zee ) WO umgo::c " e | AL E U
b "3 - | We UWe z -n. /) by oAl iliBee ot () P e & b= ot o We ¥ &
s Qi@ ea ~m—o—>35<o—w<o—w NN e @ = O EoiDed e o
fn £ TNETNY oQ )Xol A=UQCUN *QW X QXXX * - Z I ZNEND »
—— (=] :m:z>m>z<n.nm~-::mn.am<n.mo. WO +TWUODL =W WO | DWUDE>WN
. W) ZYZZqdh a0l VNHND=MNIANIJEVIw D -2 0 U = N~ O ZO2Z2<4q0.
L) oo Qere Lo e (Dow ¢ % Joo By e Jo e drmipitmLeo e © miumriil.e oo Qo e X
'ﬁ. +1 WP (L P o) I P L) (P g uB P s e () W00 @ wrw § WOpm ) w et e wr
Ao GNPt HOO QD OO QIVCVOVOVVOw I OwwZ TO EAwr OOOwOWI0
‘i. ((40(042124044 ' LZCCZ AL E <AL Ot VNN LIOIQICZ
» N '."4 NZN ' N YN 2NNV ANV NN JUINA VI E T OQQUL X 2QEZNVVNVNENZ N o
“.- A vaV”-W‘m(vn—wiﬂ>>WQMQWW<WWQ~>WQ<<<<JK¢~UWWWPVM—W<
\,(*:‘ J WAL 2 U2 W W ML 2 W of o WM WIWILWIUWNZ O T X Z 2L O < I W IIW 2 W 2 wud
* z::-::-:a:za:z-.::gﬁ:a:::az:zo:tzmoo.<x>rrun.:uoo-:::—-t—-:¢
- vy
. ol d )l el ) el e P ) e ) o ) —d o ) A Ot ) ) ) ) e d D O b d b D
o 1333333333333 u 33333233933 aoass nRna oo
. gLLL e W A gL Lo < e g S dL<LL XL L
By "‘ uuwguuuuuummﬁuu UUUUUUQ._QUUUUUQUUQUUQUUUQQQU
: 29 o Q
0 ) o
" "' a <
N
9 (%)

130

VR R SRR (05 a0 Y o




H e

=
b o T
e eoae

- -~
- -
[ [ ]
b ] e )
] -]
< <
- -
- o - - »
ee wn o
= [ ] - [ 13
2D (1] ~ 2O
22 i : 22
- L s
- .‘. [ ] '-: Q0 -~ - . e
75 - ~N - [} QO e
[ (=] -4 o [ 1. -] (] [ [N~}
0 =0 - Q - - - O =0
- Dt o vl ™0 - » Dt
" 0 o= - (= e o0 = Uy WY 0D e
° <e Q ("5 ) -y Qe NNO o () <o
N -~ L X [ - -y rded 8 0 N N = o %
- [Fdt T = e X T ce M ~ ~ O (4
- 9 Q= o - Q “» o U OO0 e o o o o Qe
Q o QN ")) ° - O O Qo N O O 9 [= D ]
S o e o < e =2 - et 9 0 O O = .-:g
- N ~N - b= = -~ eny N = ~
® ¢ mam® el ) (") 2w ~_JON S o) wf B 6 9 Mmme g
o N sV e am e =0 meyq 2 | = 20‘- > 8 e N enNAY
N -~ me QO e Q =oN e | (TR ] Q O M A - =
& DDNEIO =Q et (wild o DD~ QIO o e N
w O Q€4 Dri=mD e D= O < » gl vf o0 0 O @O exXC
O <CNIYD *=d o O N W aldo =i & o O LNHOD
o =~ o sdi~e o o I=gLO <O -PO Lle o O -y o ol
(D am o\l Hiloe Ao e 0, L 1~ d | B B UaDm om ol
Neseoe (] - oo o) ke toil) oun S - wowmiNHle Ne a @ o L
Liw =i oQ>» v Do rede @ v (L] -tH e O x "O "' !—!I-QM-I— (= >
D OHDCe e A .‘-“3.— ] E 22LH e v 3 e 3 T T 98
5 e DNAQOwwPe 3.0 D) MDD QW ¥XO (7] wgm:wma 0 DD wrw
o L) sNde DN L J et A UEOE (Y WoOXoa Wt <L~y
It i L 385 - sgtETeEs
® b - - L H - - -
Vie Yo O bR ek o2 3 —e = wije Ve (D= QRN
| vt an )-O NWOQQO-<°>0-°W w LI o OQwn o o Qlepei=2=0 WY
Wgﬁﬂ:-ﬂ": (OZo.Sﬁgo-l g mD(ZQ‘ -4 :g 30—3;3353&3—0" X
» e=ft= L] - )TF - >
5( Lo WddQ o ) =g ] —Il\a il o W <= 8 NIV <"<- Wadod
<o roe AL NN U oo Z. - Q go‘;mwazc D = ¢<¢<'~". Lo ve AU
nd P B3O~ = =t | Uie Uje T o0, alll s
n'&o—o—>53<v-m<o—m NAE St g~ 2 ic N IR i by
QOO s X QW - - NEND O & Xl

>§<n.am——::mn.nmju.mn. wo G::u.uuo.s -iM) mc::g:x:::z«mcm-—-
- -

325, LNOS0RANITAT 2 INDReES BES. D) FRTEIgIRG, v
P L)t P = vu WD B S § WPD O ) s L T S o LY
O SIMUWUKI DIV DIV~ Quww2ZO dwet VOYwOwII0VOOwOIWW
<z<o<< . o<z<<z<<z<<.s< N U=t MU W N L L (O LQLCXZLZ O L ¢ ¢

2NN N NN AVI N DNNA SN XL T QWL 2 X DQZINNDBALNZN N N ZVHNI)
m(mo-wm>>m<mm<m<mmo~>m<<<<<-oma-uwwmo-mt-w<m<mo-wmz>
WHAM Z WIS EUUAL UMM WIWIWWWZO T X Z ZWIE I <€ D r U Z W Z W WIIW S W X of
:xznz:mwtcz::x:zzzzmon.<x>::::can.::uao-:t:-:—.:x:m:—n:tmm

ol v
JJJJJ-)"‘J-‘JJ—IJJJJJJE-I-I-I-J.J-l_l-l-l_lJQ.JJJ-J-‘.J-J-I-I-I-!.‘-I-JW
J:-I-J-l: Jdd:d::d::dﬂ-l—l-l-‘::d:dJ:g:—I-J:J:-J-l:-l_l.:-l:
g€ << IL Lt LL < e Ul e e S <4< << e S S o g4 ILqAUL W
DI DI eI IO UUQUQUQU VWYL VV LWLV VUIVILWDVVLIIDINID I I e

C PLCT
ADD

c

131

Y TRRSINOTRTY A5 TSI VT W T4
. '_:.\.-.'u.iz'\_x', A e e \.'(' N,

DI NN

S ALY




by .
<5
.ﬁ
b " -
-
. [ o]
. 3
$ <
. -
‘ Y -y - &
u 3 - —
*, ()] ~N ::
- - am
(73] [ ] -y o<
RE ] Lol Q90 - - o e
B ~N - P o w0 ae
,"f - Q o 1. .} e o o
e - Q - ~ O (=l
'! (=] -red 1. - o 5t
b % - - Q O e o om = NN W\ 0 o -
™~ o 7, -4 Qe NND Y o o <qe O "
: [ [ - L ] ed © o N N = LXE’ XJ [
" L 4 - - »® L =4 - o - O opeil) 3 -
; - - (-] “ & ® j= QO e = o & o Qs & - Q
N [, ] [ ) [ - Q o 20"\ n 0 © 9 QI It: °
) N 8 L e v, P et 8 3 28 WPt w2
) (o) -l (1) 2 W e N Sem 4 ® & 9 Smwe mqged [ ] T3
® m o w0 g Wit e Hh e & g 8 N sl o -. -~ 9
. Q *oQ oN | MU o 5!06*“—00—!0 *aQ =N
Ll O O itemi M & QD 10 O = NI O temt
' N DmtmD e D= OQ <Ww - e 4 0 0 O O a4 Dwd=mD »
esm@ o VO NC W ad0 ] s e O AdNOD e=m@m *= VO
* o o gd 4D - T e Lfe o U ¢ m o <iwea s pgLO
! Bpme Ao wiwe A I b o DB B WUanQem om o=@ B Ao i~
De Do o =g ey S - oo Nles oa < Do 0O e e
i w@e wgeale O adDded Tl we e rTitiml oODwde vde o
(R 2. > X 5 OZXENO L] = =D D 830. - L= o =HD
§° :# "3 23 QUr= v mawgwcmz:no- PVOwwIZe D e O
" o@D Lo M ** I ~td XX o WX U <LNOOD *DCe N g
G:.(:h(-‘. o= | L] ;go (1S O(Z(mo o..-E- - -};m- (:;4-‘-
- - L ] [ ] - [ 1] [ ] o ow (. -» - -
WD oD eke Y WSS S 20 20Nl e B oA S wlid e
QAQCOI=QW W -l e O o ®o QP00 WUHORAOELOD=
N L {-} ] O“gO-J 3 ("] 3 O. 4 :g 3’-03'-:‘3“3:&3-1-0 X <°Z-253
| 4ot ae=itl) [ ® ity
N e N =t 1 Hwe g 22989382827 wa LB TN
e W oo Boeeld XTO :NTOXO X =i GCGQU:J- Ko = AU JI™Ne U} oo z-
o eV iuil) W rg aihey on [ Y g o, il NSl Bl
'q RrATEg e RS% 2D I o R RGN LAty b -y 4P
A -3 o< oIl " sOWL X » o B | ENZTNG oD o)X A=UQCUA -
ITWAOWCA WA XO EXXUWWO L =i VD | DUWDXEIVIECADUa=DITWA.AWLA
, QeatN DG N I N of\jog Q.ll. o NEae VIiZQZTZLACAAI N(NONIANIL
&y ® o e ...J..- vl gl e sdmivgi o oo Qo twe To Ao Do ¢ oo JoewDee
; w e enl) were ® w e e vw‘-dea«wmvvvv
QO OIQUV O I OwwBZRO o QWOQOQ-Q =l L lell I 1)
42((21421(.J<QMM U wNE € Q(QQZ(Z(Q<< 042142142
=3 MW(ttQQE"‘>Q2WlﬂlﬂZ"DZW.JU\-IWZWW'JUW-IMW—IWW
’s) m<m<m<m~>u<<<¢<-a¢u~mw0-m<w<vu-wm>>m<cmn<w.n<
w4 4 UWNMMAMUNMULMAMUMNI Z O X o 2 ZUWitl G W € O o =l B W UMM UHUE Wil o a2 WL WL MWW
e zz::x::xzzweg<x>:zm:um-::t~z—ot¢txt-—-: :mm:m:txtta
‘ . JJJJ—‘JJJJJJ‘JJJJJ-JJ-‘JJJQJJJJJ-J-I-I-J—I-JJJ.JW-J-I-J-I—I-I-IJ
3 333333333330 3333333338333303333 338, 3aue s
9 3 < L « wag <
s 3833333S h‘ 30530033‘83 hhhahahtthhhhhih
3’ Q
- - Q
Q «
(&) (& ]

i

Mo

o

) 132
i
0

R 4 0% 0 T a Y, ERE N T LTLIRIT xla N o .
AR RO EONANIGY Y, NNVt (DT Dh Tt S Ky oINS A TV ) .l.:vlu




Y A

A AN

RS |

S X

| 8ROy

+ e

" S

N
-
L)

. !,';.;;a

-

-y
N -
- -
. |
-t D
- [}
Q <<
o [ ]
- vl - -
'S eow un
u‘: - | [
1) *» oo o Ay}
3 2 23 &
(] - -
[} [» 4 Q0 - on -‘. s v
~N [ [ X ) o n Lo N =
-t N é [0 1. ] ’: ,o. '-8 ~y l:l‘l
® b -« ® -
o w w (.. 1 - a Dt [~
Q X ] o = NN DY M o= - o <«
- O uw NNO N o o g [Ty - Q
o -d v 8 0 N N = a® e * -
e O [~ oo v ) wf W (e amd )] < - o O
- x OO e e & & o O » - o - =
- O 8 sg": w O o v QI [Ty ; - .E
oy 0 - ~ey o O °
-« e v 2 2 A Wl 8 L = h
2 oL oeom ~ ® & ¢ mog = g [’} Z Q -
g [} Q DR o ® = - N s & = a =9 amm W o
el Q 'S 5 QO O N N ™ =X O =0 o = | = Q
W w -~ o Q s INCAIQ O et =W W -
D= = ow et 4 o9 o0 D O oLt DrtemD & D= J -
A< W (-1} —-f & o O QNVD o=@ e WO D O -
<0 o - <Ljle o Q 6 =~ o oo LabhdO <40 X ad
ol 0O ol = d ]l ® B IYnOm om oA Wime HDe ~=~e . O -
oD X o Wiy b - weifjs o s esmdrm De @MDeve al) O 7,3
=4 O Q=% en el A gt T oo g MLt o
-0 -aaf o Lond g 4 0o« e ® b Dl
2 =~V d B V| NIDNDIUDXD ** DDROwwZTe D -8 DD S on
o <« -~ *P WD Ll <€D Ao DoV U L ind
SRS T SICE e & oL LI - S
- (7' - - 9o - - o | - ~e LR
- -~ w§ ® - s el olijo e Oe OBWVINLD) -wa ‘#. -S L 4 »<g
ow w -lld *O -4 (%] e o Qim0 WUONAOLODILFOW -
Qd g ng; O. Z. —ﬂg ggg’-g:‘:?lﬂ:—"’!t QO ngo-l lg wuoa
- | s - - ® @t Bed -4 -
2 Z-ndaons = 23939882523 0w E TSRS T =l
o0 WO WMUQMO QA | ECECUe €0 oo BV JJS™Ne W oo To e Q WS el
> oMwDOW » =t | We ije ol oill e = o imil) oo ogn
Se aaezow~ T 2| BEWTS Nzo-o->33<o-3<o-m 0735 -
| QW XU = & mF | TNENY o o X [- 4 QLI o) € +Qwce
we A9 Tawdd = VO | DUDIASGSVIDITCANNa=ITWAQWCL WA WO W
Ve 8 ON--QQ.A. o N VOIZQZTKALCAAI LI=NQ= N AN D> N>

o e eprtedife ®e Do e T Qe (He 0% Jjo o De o Jo o agrttpeL
[ ] - ey P aseay Wepwepewsl) Twe o

-
ol L W8 L
QQ-.JSQ--ZZO @wrt OGO wiBwOOV0QSw IO NI OO O I O wrw
€L S LO)NWLrt (N NN A€ LCQ O AL ZLZ AL ¢+ ' AL L2 L2 AL ICONWIW
NG INECE XTI P DIQZNNINENZEV) N A Z AN VW) INA SNV UONKCEX
VI Do I € ] <X VR, I K LIV N RV QU= O D DUV KUNIVIQAQUIN ANV = > U4
UWRMZ O X af 2 D WIIGE O <€ O g =W W E WML 2 WA of & IWUAMUAMUAUYUNUWEZE O D X 2 £
EZTWOALIX > L IVAZVOF XX I I X T E~ETTWULXEZEETCTXTIWOLLCX>

oy L [
e e O o e e e ) el 2 d ) e ] Qe e d ) el i d AP A d A dd ed A b ed A A X wd b S
S333a33aaR ey 3333333333
< add<as < < << << < U b € € < €<<C< adgtag
LUV WQUWVVOLWLLVLVVVIVLOL UWUQUWUUQSUWUM LUV

3

C PLOT
PLOT

c

133

AN AN RN NN N TR

1
1‘
|
(
1

LR G ST N LR G CY, £ X ¢



- FL TPV W SV ETHEARTRATRRR T e TR Ta T Pl e o S L% AN TR IS YN Ty ayaTs

LA
s,

[

'."'

- -
- [} ~N
- - [T -
2 us )
-] b4 ~
< (S ] -
- < (o)
- e - o o
- a T4 —t
g * Q -
o Yo | (32 T ) -
Mmoo - )
- - = o< [T I
~N D0 - - ®e [ I | 5
- s 0 [« JT, - e N Q -~
[} o e o [ K= [ T | (o]
L " e M~ O ] L Ow
- oD . & 2~ o w ~
(= 0m = ) 0D s - S J [T
QN NNO W o @ <o D un - S - =0 .
-~ ed 8 0 N N = oehH e ° (] 5 Nl e
e - e o~ o~y QO oy -3 - - -z e
- v OO0« & & o o O o - Q " O NOw
He QO W g g 0 QI 'y ; - gm};; -
fjeed ® - -l ] \ [ J
88 ®eer] N = = ) .gN ~N - o 5 [ [T ]
Uy @@l M W™ & § oo =g -4 7, Z W —aPrg
- N o o - N sl ¢ m o m @ -~y e
’ »e 2 Q O N B ~ o QO « O eN « 1 W YN
<» Qio o e NQIO O lwed =l X ZH
'y, | rtfoed o o0 0 O Doy Dri=mD a D= ™ g
W= [ and ® o O qOBIAD oM ra OO DL = Lad* 4 ol
Qu Ldle o Q -t o slime o g® L0 <CQ | tetld
| wli® B W—Q- o of\jj=X Wi Ao rdae O 2 Z1 X
wo D - mfjoNeesermlem Do Deea o OQ QUWO~
(LT £ - < "- o O—:.—Ghb— «SQ> e o @ |we - -t () <L)
<a.0O v D DOOw e <= o f=Bd=il V) oOVNCQ. o
Vo v m:w:mmagmncncno-- e DJdsD @Ad ) (=17 1-'4
a0 WOYNA WL L~V D) sQ<e Mre DL —tril)Q, &
:z; 8 | QCE2QC = Q--.‘E- e sdgLKke <>|—<_'- L= ‘% -g:;g -
- - rde - o (NHY) e L ] [ ] - L
[ -y 2 gucf.ﬁ-m---o»wwu.:-ﬁa-«-- 2 < I~ o o &
- O s Qu o QeI WUORORCOD=OW <« ~gJ 1O < 0
Q- Z =Z | LW DOWOWD o ITE <O2e OXI0JS o« VAL » - -
QWO o O ogo:wmzaa..m - - rd=t Segllio) = w=QOWoO W -
¢ a L € Co WIIO oo N =g | =L b= o T <
QWO - | I (WO <o e AL I Ne W e Zo e O WO «NUOWO - o)
Qd > [+ 4 - | We We M= et g (D N (B)d & [
~a.r ~ X3 -3 Nzo-o->35<o-w<n-m NNE L=t = =0~ X £
-+ 7 [ 4 :U’ .(3 (252 1,04 OOV oW X S OWXLXEX » LI ]
WO =l O 3“3!>M>Z<QQN~—=:NQQN<QNQ WO s TWUO =
AW e NE~ QIZ2QEZLa. <Al NeNQMIDANICIV D2 N=IALD * NT -
e mmmieoee Qo e Lo Qe (o e 0 ¢ Je e Do e Jo 0 aSrieii~Le = O

vl 0t g
e @ WS mv--‘v«w“.‘-'uwm-w-vw - e ® W § WO .&
—rd

TrOAXVOREIX I~ I~ I I ~IT W I I T r ETUOA I > T TOA T OO

by nn - —
wnd add <l d ) ad e (D o e el ) ) il i ) e ) ) o L ) ) o el s e ol e o ) ) ) ) i b wd o D A D
-I-IJJJ-I-JZ-J-I.J-JJ—I-I-JJ—I.J-I-J-J d o o el ol ) ) e AW d d bl D d A Z

gL I gL, L <LCLLL LI < (A LIL L IIALD

[,

Q o

Q -l Q
< o, «
Q (S

134

c




FRY

,; - o -y -

o -9 n W ~N
o e * = -

N o Juo o W °

gg - ¥ e
- -y - -

K o0 - -~ Y It: 3 (] (= 1¥+ ] -
) o0 QO n - N A Qo o o
AN ®eo e o -0 4 -t Mo *
A ™ -~ ~ 9 [ - Q - aw [

A DO « ® D Q - DD -
;,\ ® om = Ny N D & - [= -4 L N o = N

NNO v o o <o O 0 -t N NNO Y .o
et @ 08 N (N = o« ® - |1 E- ded ¢ &
. ca® M Y - D opuy 4 -~ - W -l e ool M oy
» QO e & o & 9 Ort & - Q @ w o - QO s = o
5 soon n 0o O 9 QN u: [ - = omc; sou: n g
) -y @ [ ] - L e W -l vl L]
5 et N 2 2R W w4 Y Y Z3 ooy N
" L N ] - » 0 emrme mgend ~y un Z a ® poed oo w4 -
) BHhe ®» o @ (N 2NV e ma g m—y T Al - AR e & o
b QI glooow—ot—ozo-o o T - | -ile Slooo
Ta 10 2 » JNCIJO =O oy =) O NN 190 Q
ot 4 9 0 O @ eXE™ DrdmD e D= [S1ITIV,) ol Bon s B L
| o = Q <m¢-'b:-fn-mo og & WD =t & =

' (:o o O 6 m e dive o Lo LO L O w»ouw CLle = O
N d B B WaOam »= o= W= AD® q=me QA - LI A W
O DI = =wNeUerecermidr Do @ e o) wo D) = e~
oL X)) oom 0w l-t'—‘.'—-'— eQ> e Lo o j=we 7] -l g~ X v 0
e T e 4 9DOCee <= = o-a::-u = orga.n -l b XD

&8 [ N ] U)g gu.una:cn e DRAOwwZe D) »D) (o) Lals 4 [ ] vV | VMIDNDULD
g tuRYNACIUES <AL=~ IDIOD *»O<Ie u:--<m:|: [ =t Q, ~=t | WL DAQ, <€
N TNl &2 UK N-W I J 3 -<<¢- >t - = | . S e - | Q2 -
Q ® e V) & ke «se V) we Do ) o= w o W<L<atet -4 QIQe e V) »
o) slje )e Ve OUW)UNLD aoll@ ole o o N = o 2 |2 edslye
(72 ] o o OfimieI=Q WUODQECODROW W ~iyd | O 2 QI e e O
‘e Z2 1 hilLi=COWUIUD~ e LEX AO0Z= OXDIOI D nO<Q » o =Z | bh=Li=gD
] 910302VaxaID - Zomeawaal F_saguwg W =01 923023ua
v o O Lo Ut IO ® e N kel o | =UNU  rap= © T < 0 0N
4 o | KU LW o jne BV JJI™Ne W) s Ze e O WO NUOWO - e | K I
- ™ | de Uie T aQ, o) e 455- A= B ol D IR DO I » - g-n tWe e X =
't QiR oD o N N> <D-th<l—m NNE Kt & LrQ = x Q=
e & | TNZENG o) s XXm WDOCWIA oW X «QUWUEXE » o wZ | TNZNO »
S (=N } DW:!>W>:<¢LQW--3:W&QW<QWQ WO XTWWOL =l NO I DWOY>DGN
! WI 202240, €00 NeiNQOENDIANILVIw > MDA & NTa VI ZDZ2 90
v s Qerme Fo Qo Do e ¢ te o o Da o Jjo o sdridwfieode o« ) ririrdfiio o o Qo r~e ¥
. 1" PP (P ) WP P NP GG o) "W (P ([ 0 w0 P vyt Wt O wwwte @ wwewr ¢ wpm S ) et L o) v
~l OV (Y= 3OO IwIONUWOIODPIOOVIO0VO I QuwwZ 2O Ewe OOOWOWwOD
“4) LLLOLVLCZUAZ IO ¢ 1ICZALZAACLZ AL ILIONWUIr M NOUUIUwNLLILCOI0 <2
! NN LNZY V) dNZNNOQOUOV) dNN) JNN) NN ONSET QAU L DQZNNNZVIZV Y
1} VNV NV RSN ) 3 DV QQUNNIQNNANVIL e Ul (€ Q4R W (- VNIV s Vg
{ “] WUMMZ W ZWIMIIWII 21 o QWML Z O T X 2 Z UNUE U< D ™~ UIIW ZI Z WW
) t:zmzmtmzxtmtzggza:zza:::::a:::::moo.<x>:zau:u¢r—z::m:—n:¢
-y -y
: . ) e el i ) el cd el el el e ) P ) d ) )l ) ) ) ek d U ) e ) ) ) d ) d d ) ed O d ) wd d d b i b
:-.l e e ) el el ) ol ol ) b d =) el e el ) e el ) ol el e Vb el ) e d el wd D A E d b d A ed
L~ <<<<<<<<<<<<<<u..u.<<<<<<<<<<<n.<<<<<<<<<<<8<<<<<<<<
W UUUUQUUUUUUWU—-—!UUUUQUUUUUU._QQUUQUUUUUQ WWWAIVWDIO
] o
ot 3 Q
al Qa <
]
-
L] - [ ]

& 135

LAY




A

X
AR

o

o
"y
.

3

/ ¥
s
N

sl

gAY
nAN,

A3
ats

4

¥y

LR T I a4l e A o Sk Lk

-

l'\ 'r 0 '.,l s A% X ."';4\."' i

- -
- -— -
[ ) (]
- - 2
s [} n
< ~4 <
- ™ -
-ny ® -y (@] - »
- o °®*n (@) - w
e . I ] |
b o | ) - 22
Mo [ - mom
o<t 5] - - <<t
-~ oe L} Q [ IV ] - - . w
0 oo N Q o0 O 0 - o
[} =] -4 -y e .1 -] ° [ - D
0 =D - o4 - o M~ 0 =D
- 1 Q 17} 0 ® . & D
w0 0O e - o Q. o gm a NN N R o=
[ g O "3 -4 NNQ . [) <o O
N - e e ° - b 4 0 o N N =~ oH e
- O [ d '3 ) L 4 - - -} o®o@ M - - QO Lo and’a)
- ® Or4e » - (=] -» OD e = - - . Qv o
g 0 Oalﬂ ['1] ; L [=] 33“\ [3) 8 o o O
- ved ® L] [ ] o L] - - L]
- N o N L4 - Q E oo N - 90 n '&N
- @ emane .o - 79 2 O Q - o =) = [_J - ® omoma Pofpu}
- N oA e m e mg m-t (] B o * = - N o\ R »
BN rd o QO 0O eN o | & - 210 O N B v =X O
& INCLO =0 joed =l W QiIQ 9 o DINCIJO
o Q G4 4= e D~ Q. [ ad A 0 e O O eI
QO «CNVID *= *o MO O << p=f & o G <NNOD =
vd ©® gfiee ® Lo juLO IO > T- L2le o QO e~ o odime
(.')- o o\~ Alee ADe ~t=ald O [ ] d 1P B WmOm o aNi~ W
No oo micdr i Do N *eos o . e } - wUNe Ve ® o o mfLre
to—un—o— Q> eNe vYdo = ne (=) - N 1t -0- (13 4 i—tl—“'—t— = X
DDO0O% e A= = D—*Dl— H w Q =) [and =D D2DQe =
MQ"mevaO D# @« Q. O W (%] m:m:wmu:cn--mmo~-z
W LC<<AIOD oL Qoo DL O - e wWoddadud G<~NOI9D
n.- :l:- - -<<¢z- <>o—< o= O S =] WiOg2d o 0o Lo » oI
e N o Do ) end Jd - Qg o - Q ®» e V) & ape ® an NV
Ne (.')- oawwm.: NMQ e o "woa. o -~ Z ol slle Ne O QAL
topZ=Q WWNOOQECO>rOW -l = o Qu o o Omi=Ze0 WWo
U.I:WD-O"II COZe OXDOId < el 2 mZ | Lol = DWDWO e T XL
Y RJID 2® ™t el Dl I == 00 - I-QI Qboammxmam - =
(B3 <- uJ..l-JO e N =g (e 2 U L I 0, < a N <= WI IO
g oo GU_I—M-'NO W e Ze s Q Q NVIXOQ O S )X <<Us <o e A I
QA ol et aRieilihre ot V) sVwi=il) o Q 2—-|u.|. We E «O oit) s)rd Ll
N!I—O—>U <!—V)¢t—¢h NNE et & WDk~ - Qi o N NYEPF==>QUL
QD e~ E=UIQCIA *JW W aQUIT o o mZ | TNTNGY *QO a XX
PECO0VU=aDTWALOWLCAWA X0 ¢ ZUDI —Ww

<QQie NHANQNDIANYJIN~> O NmdZ o NEa QDI Z2QZ2ZCA0 <oA= V=N
oQe (e 00 Joo Do o Jo o aadeyripel e O miiretille @ o Qo e o O Do e g ¢t
e )t b P s by st v o Y, e © w0 0 -t S )t g L wt ) ) et (P -
OOV wONMUWOODOIVOIITVIw D wwPZO Ewrt DOOW O OOOQOwOOUNIY
LZIPOLL ¢ 1 CZ A ZALLIT LA LU ONUWWtw NN LLIDNLOKXZILIZ O LI ¢ oL
N IJNZNNVIN NN JINWN NN ONK T AU > IAZN'NNZUNZ NIV JNZ NN IV
VIQV =N PV CVINAVINCNVIO > Uid S <UL X NNV A = VNN U NN D D)
Wi Zuwuel o LWWLIWWWIWWZ X TEZZ WX Q<D ™ WU UZWZ WIWWLZuwiwaz ol L
zaz.-.:::watn:::a::zq:zzmgn.<x>:am:um-::::mt-c::a::x:-::mm:

) - A
e d e d O o d ) o ) el ol A A T ) d e d o el A D ) d A d L d D e
e o b e el b D bl el ) d DB ) dd D ) D -/
LI ACU UL I LLLLLLLILICZ LI ILCIICCOC LI LIS LI ICTU L
UUUUUU"‘NUUUUUQUUUUU'_UUUUUUUUUUUUUUUUUUUQUUUUU"'"‘U

C PLG
C ADD

136




PR ACEAS SRt - M e Wil LAl L& KR At S I N i S e e g i daro b Aolet §. ] LA A R

¢ F
‘w
LA
1'..:.
o
1Y
i)l :
‘E ) |
!
,F |
Y5
ﬁa;
\':_'.‘ -
:‘-,':' (1,
S )
0
"
~
-4
-
(=]
- (e ] .
" -
[ ] -
3 - [ ]
- o »
n [ -~
L] L 4 [}
~N - -
-~ n oz
-_ o e O omrg
d e® efN o |
=0 et el
D) & D
s328 22
3N Pl = By
ot - De O oan oD
i 3 e
b= " -
b \‘. 55 .O: DD -
KL e e DAL “
" e gDk -<3 S
' - P
T '5'-&‘13 d- (4 =~
ad% DO<IO>OW -
iy ! <OZe °53°" " o
1 L ] ol
.': ‘ e N e .
). Ne W s Zaee D - oo
Qe T e ol -,
a&# Rty 47ty PN N~
— = IQ|[VA L) reg o
:um.oua<:gn. 0«2
- o =
boer-t IRV IIITL. IS
4".'.1| W Py P e e ) il
- OOOOOVDI D) s
.:-5 ZLCLZ <2 A<JA. O
O] 2NN INNINNAL e
] |KUINCNNGNAIQZ NN
ol WWLIWRWWIWZ O =~
-] XXTXXLEXTTWO h:
23 S dddd IO DT
: EEPEEEEE bR
O <L
N :Z-".! S3333SSoSSornTw
&3 Y-
'.N. " °°
AN -~y
; ]
. 1
193 '4'
;V:
N
ot 137




1.

2.

3.

4.

Se

6.

7.

8.

9.

10.

11.

LIST OF REPERENCES

Ke;lani P. and Klaiarock L., "A Tradeoff Study of
Switching Systeam in Computar Communication Nstworks",
2 lo C-Zg' No. 12' DEC.,

Gecld B., "Digital Speech Netwdo>rks", Proc, JIEEE, Vol.
65, Dec., 1977.

Ulug M. E. and Gruber J. G., “Statistical Multiplexing
of Data and Encoded Vaice in  a Trarsparent
Intelligence Network", Prac. Fif+<h Data Comn.
Symposium, Sept., 1977.

Nemeth A.G., "PBehavior of a Lirnk in a PV
Lincoln Laboratory ESD-TR-76-338, Dec., 197

Tanenbaan A. ignnn;gx_ng;g;;&;, Prentice~-Hall Inc.,
New Jersey, Y98T.

Gerla M., "rhe Design of Store-and-Forvard Necworks
for Coaputer Communications®, . D Dissartation,
School o%f Bngineeringy and Ap {1234 science, Uaiversity
of California, Los AR geles, Jan., 1973.

C Netwozk",
6

gchwartz 5&3 and4$ts;g T'ﬁ :Rauﬁiﬁg Techniq%es Used in
ompu+er maunication Networks rans, on
5 P VOl. COII°28, No. “' Aptil' 598 . ’

Chou W., _Eckl J., Frank H. and Gerla M., A
Cut-Saturation_ Algorithm for rogologlcl Desigr. of
Packet-Switched Coamunica+ions®, roc., _IEBEE Nafiornal
Talecom. Coaferencs, San Dieg>, Dac., -

Rudin H. "On Routiang and Delta Routing: A Taxoronmy and
Performange Comparison °f Techniques for
Packe*-Switched Networks", IEEE [raas, 2n cComm., Vol.
COH'Z“, No. " Janoo 1976-

Pratta L., Gerla M. and Klsianzock L. "The Flow
Deviatisn Method", Netwogks, Vo>l. 3, No. §, 1973,

T.S., "Adaptivs Routing in Computer
orks®, Ph.D. Dissertation, Columbi

Conmunication
a Oniversi+y,




- 4 E

&N e, e

Al iAo

12. Karr I.A. e+t al, _"A Simulation Study 2f Routing and
. Flow Control Problsms In a Hlatarchicallg Connactad
-] Packet Switching Network”, Prac. ICCC, 197b6.
N
2 13. McQuillan J. M., "Adagtiva Routing Algorithms <£or
Disetributed Compu%er Networks", Bolt, "Beranek and
¥ Newman, Report 2831, May, 197%.

s 14. Chu W.W. and Shen M.Y."A Hierarchical Routirg and Flow
e Contrel Polzcz for Pack2t-Switched Netwscks®, Proc.
3 Iat. 3 maposium  on Comput2r Perfcramance Mcdaling,
v ggs;u:em nt and Evaluation, fockzown H2ights, Aug.,

Iatroducticn +to Plow

15. Budin H., "Chairman's BRemarks: i
Ccntrol in Ccmputer

. An
& control. ", Proc Int. _Symp. Flo
% Networks, ' varsalllas, Frince, 197

[+ 6.  Pecnotti M.C. and Schwartz 4., “Congestion Certzol in
' Store and Porvard Tandem Links®, b o ¢
VOl. COH°23, Ro. 12, Dec.' 1975.

17. Saad S. and Schwartz M., "Apalysis of Corgestion
control Techrniquas in camputer Communication
Networks®, Proc., Int. Symp. Fldw Control in Computer
- Natworks, Varsailles. Fraace, 1979.

.‘; }):;'. Ky

18. Irland 8. I, “Analysis and Simula*ion 2f Corgestion
in Packa= Swifched Ne wecrks", Univsrsi*y of Waterloo,
Comp. Comm. Network 3roup, Rpt. E-61, April, 1977.

} A. ‘.4 l._ - .

19. D. W., "The Control of Congestion in Packet
ugo Networks", ;53;, Irans. or Ccmm., Vol.

3, Jdune, 1977.

—

20, Kleinrock L., =i .
Flow anl Delay, v sCaw-H4:1ll,

21, Kleinrozk L., “Analytic  and Simulatior Methods  irn
Ccaputer Network Desiga®, in Conf. Rec. Sgrlnq Joint
COlput. Conf., AFIPS onck. PESC., pPD. 569-5 9' 970.

IR -4

VY YWYV

-' 5' - ".:'0.'-" " "“-:»(A_-_L‘L
[ )

22. Segall A. "The Modal
Communizafion Networks
COM-25, No. 1, Jan., 1

ling of Adaptive Routing in Data
;’7 g R,, Vol.

23. Moss F., "The Apglication of Optimal Cortrol Theory to
Dynanzc Routing in Data Communication Natworks®, Ph.D.
ggggertation, Massachusetts Inst.Tech., Cambridge,

1 139

N N R I O N T S A R

Ph B O . -
wy ) »‘o, |,l't|v IR "D *




SRR bbb A A Al MR L Wl Gl O LIMEAR R COERE G LELE UL LA S A ai AN A S gl oAk o i A odgt B¢

~ 24, dozencr2ft J. M., Gallager R.G., _ard
3N Annual Report on_ Da%a_ _Netwdrk R
e L Internal Report ESL-IR-677, M.I.T

ot
:ﬁb 25. Ros FP., "Routing to Minimiza the Maximuam Congestion in
AN a ggnnnnlcation Network", Ph.D. Disser+atior, ¥.I.T.,

26, Older W., Qualitativs Analgsis of Congestion Senfé

ive
Routing, IFIP North-Holland Pablishing Company, 9.

+
7

27. McQuillan J., Richer I. and Rosen E., "The New Routing
AlgOtlthm for the Arpanat", 2 Ic 2 001 .y Vol.
Cco -28' No. 5' Hay, 980-

P4
e . . : .
s 28. Gallager R., "A Miaimum Delay Routing Algorithm, Usiagqg
a2 Distribated Computation® _13&&_1;135‘__9g_§925;, Vol.
A Com-25, No, 1, Jan., 19 5:
Sl
Py 29. Littls D(C., A Pro2f of the 3ueueing FPormula: L=1u",

Operations Rasearch, Vol 9, 1961,

140

o 4\ o

! - 1\-\...'q\- .-,'- a® Q" \c\ Tt d% e’ " V"R " -
220508, R -',.ss.,\\-s-.\-.-.}-.




.,‘
]
»

IOk

A5 Se ]

LALNL YL

LA v."m ‘A

A 4857

A

L l"-" oLl ;"1

& A S Ay

Chretien G. J Lev
Series, PP- 375-3?6,

BIBLIOGRAPHY

n N. V., NAT)O Advanced Study Institute
Ne*harlaﬁds, 1975. ! =

McQuillan M., "Interactions Bstwe2n Routlng apd CCngastlcn
gontrol in Conguter Networks“i Proc. Iat. Syap. Flow
n as

Computer N2

Prank H. and

vorks, Versail

France. Feb.,

"Routlng in Coamputar Networks®,

Chow
Networks, Vol.1, pp. 99-122, 1971

Slyke R., Chow W.
s*nulat‘ng CO:pu er
Ccmputer Conf. 165,

Fzit A, “Dpyrnanmic
D;ssertatzon, Naval

and Frank H., #avoiding Simulation in
gomnunlca‘zon N2+tworks®, Proc. National

Hulti:onmoditg Flow Schedules®, Ph.D.
Postgraduate School, Monterey, 1981.

141

\ ATy \ M SR ': <. ~.- .'\ AR ~.-'-' Ny

4

A} . »




o~

INITIAL DISTRIBUTION LIST

No. Copies

igal Inforration C3nter 2
$Tginia 2231

1.

>0
Lk

8

o

r
i
»ct®
-3
gt

2. Librar;, Code 0142 2
Naval Postgraduate School
Monterey, California 93943

3. Departssnt Chairman, Code 62, . 1
Dapar+am2nt >f Electrical Enginsaring
Naval Pastggaduate Schocl
Monterey, lifornia 93943

4. Prof. J. M. Wozencraft, Code 62iWn 3
Depar+ment of Blectrical Engineerirg
Naval Pastggaduate,School
Monterey, l1ifornia 93943

S. Lieutenant Commander Harry Thocnberry 2
. Pgruviaa Navg .
Cienenta X 35 san Isidro
Lima, Paru

T 6. Lieuteprant Colcnel Kuon Sik Bak 1

; Korean Arn

/ SMC Box 1328

] Naval Postgraduate School
Monterey, California 93943

7. Lieuterant Petros Magoculas 1
Helenic Aix Porce
41 Kilkis Street
patras, Greace

R Y N

142

v, RE. B &y T R N R P B v, T I T L LA Y P L L T R 7 R F. ...~
B s R e o R A e e N e et I g NI NN I e N L




Iy

r

-
~ Zn T

N e )
A Lok L -

-
TA RALOA A e b

>

LRy
-

A

.‘\
RS

PR A 4
- .

Q-‘ -~

4.—_‘h_
e

'.. ) -U-'.n-.lnn

wouY

. e
ORI AL S AL

‘-

= _I

S

\:,
‘ .

o

P>
‘L-
4

~r

N . ame

R P A v

o

- - . = o.
w, DS )
“hta'r

N aVata

N T e e
'\..\T.\(.':“x.'- SN

A
M.
o N8 Lhe

- w .
WY

a ‘!
:‘%_‘

»

N



